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Transportation and Energy Systems in the U. S. 
1 INTRODUCTION 
The objective of th is  p a p e r  i s  t o  assess ,  on t h e  bas is  of a number of indicative 
examples, the  time needed t o  build new and r e p l a c e  old t ranspor ta t ion and energy  
systems, and t h e i r  in f ras t ruc tu res .  Most of t h e  examples are taken from t h e  United 
S ta tes ,  s ince  t h e  United States h a s  been one of t h e  few countr ies  t o  exper ience  
most of t h e  technological changes tha t  o c c u r r e d  during t h e  l a s t  200 years .  
However, because  most of these  technological changes  were subsequently 
disseminated throughout t h e  world, t h e  examples a lso  indicate t h e  dynamics of these  
p rocesses  elsewhere. 
Within t h e  scope  of th is  p a p e r ,  t h e  use of the  term in f ras t ruc tu re  i s  r a t h e r  
narrow, r e f e r r i n g  only to  t ranspor ta t ion and energy  g r ids  and networks,  and o t h e r  
components of these  two systems. These two systems are in teres t ing because they 
played a cruc ia l  ro le  in t h e  economic and technological development process ,  a r e  
v e r y  capi ta l  intensive and,  in genera l ,  have long lifetimes. The analysis of t h e  
historical  development of these  two systems will include a quanti tat ive descr ipt ion of 
performance improvement, t h e  genera l  evolution of a par t i cu la r  in f ras t ruc tu re ,  and 
the  replacement of old by new technologies and in f ras t ruc tu res  in terms of t h e i r  
r e la t ive  market  s h a r e s .  W e  use t h e  t e r m  performance as a multidimensional concept  
(i.e., as a v e c t o r  r a t h e r  than a s c a l a r  indicator)  and,  where a p p r o p r i a t e ,  measure 
t h e  size of a n  in f ras t ruc tu re  as a function of time. 
The f i r s t  sect ion desc r ibes  t h e  evolution of t r a n s p o r t  system and t h e i r  r e la ted  
in f ras t ruc tu res .  The analysis starts, somewhat unconventionally, with t h e  youngest 
technologies, a i r c r a f t  and airways,  and ends with the  oldest  t r a n s p o r t  networks - 
canals  and waterways. The second section desc r ibes  t h e  evolution of energy 
consumption and pipelines as a n  example of dedicated t r a n s p o r t  in f ras t ruc tu res .  
2 TRANSPORTATION 
2.1 Aircraft 
Aircraf t  are t h e  most successful  of t h e  advanced modes of t ranspor ta t ion.  
Other  concepts  of rapid  t r a n s p o r t  such as very  high speed  t ra ins  have shown some 
limited success  but are not  as universally used as a i r c r a f t .  In fac t ,  the  rapid  
expansion of a i r  t r ave l  during r e c e n t  decades  h a s  i t s  r o o t s  in t h e  developments 
achieved in aerodynamics and o the r  sciences many decades ago, and especially in 
the engineering achievements between the  two World Wars. The DC-3 Airliner is  
often given a s  the example of the f i r s t  "modern" passenger t ranspor t  because in 
many ways i t  denotes the  beginning of the "aircraft  age". The use  of a i r c r a f t  f o r  
t ransport  has increased eve r  since and the i r  performance has  improved by about 
two o rde r s  of magnitude. Figure 2.1 shows the increase of a i r  t ranspor t  in the  world 
measured in million passenger-kilometers p e r  year  and r e f e r s  t o  all c a r r i e r  
operations including those of the  planned economies. The logistic function has been 
fitted t o  the actual data  and it  indicates that  the inflection point in the  growth of a i r  
c a r r i e r  operations occurred about ten years  ago (i.e. about 1977). This means tha t  
a f t e r  a very rapid,  exponential growth period the re  is less than one doubling lef t  
until the  estimated saturation level is  achieved a f t e r  the  yea r  2000. The growth 
r a t e  has been declining f o r  about ten years  and will continue t o  do s o  until the  total  
volume of all operations levels off a f t e r  the yea r  2000 at about a 40 percent  higher 
level than a t  present.  
Figure 2.2 shows the  same data  and fitted logistic curve transformed as 
z / ( n z ) ,  where z denotes the  actual volume of all  operations in a given yea r  (from 
Figure 2.1) and K is the  estimated saturation level. The data  and the estimated 
logistic t rend line a r e  plotted in Figure 2.2 a s  fractional sha re s  of the  saturation 
level, f = z / n ,  which simplifies the  transformation to  f/(l-j'). Transformed in this 
way, the data  appear  t o  be  on a s t ra ight  line, which is the estimated logistic 
function. Perhaps the  most interesting result  is  that  i t  took about 30 years  until 
world a i r  t ransport  reached i ts  inflection point (i.e. o r  about half of the  estimated 
saturation level) and tha t  within two decades saturation level would.be reached. The 
crucial  question implied by this resul t  is  what will happen a f t e r  such a possible 
saturation? Can w e  expec t  another  growth pulse, a decline, o r  instability of 
changing periods of growth and decline? 
To understand the  implications of a possible saturation in world a i r  t ranspor t  
operations,  i t  i s  necessary t o  look a t  the t ransport  system in general ,  comparing 
aviation with o the r  modes of t ranspor t ,  and to  analyze t he  various components of t he  
a i r  t ranspor t  system itself. The a i rc ra f t ,  a i rpo r t s  and ground services  obviously 
represen t  the  most important components of the a i r  t ranspor t  infrastructure .  
Commercial aviation infrastructure  is  different from that  of o the r  competing 
t ranspor t  systems such a s  roads o r  railways. Airports a r e  distributed and not 
connected as a r e  pipelines o r  roads,  although a i r c r a f t  represen t  an  infrastructure  
of complex elements in the same way hospitals o r  schools do. 
There a r e  a number of possible ways t o  descr ibe the global fleet of commercial 
a i r  t ranspor t  and how i t  developed. An obvious descr iptor  of the f leet  would be  the  
number of a i r c r a f t  in operation worldwide. In fact ,  this number increased from 
about 3,000 in the 1950s t o  almost 10,000 in the 1980s. However, during the  same 
time the performance o r  carrying capacity and speed of a i r c r a f t  increased by about 
two o rde r s  of magnitude. Thus, the size of the fleet is  not the  most important 
descr iptor ,  since much of the  t raff ic  is allocated to the most productive a i r c r a f t  
1 One general finding of a large number of studies i s  that many growth processes follow 
characteristic Sshaped curves. Logistic function i s  one of the most widely applied Sshaped 
growth curves and i s  given by: z/(n-z)=exp(at +p), where t i s  the independent variable usually 
representing some unit of time, a and 8 are constants, z i s  the actual level of growth achieved, 
while n-z i s  the amount of growth st i l l  to  be achieved before the saturation level n i s  reached. 
Taking logarithms of both sides gives the le f t  side of the equation t o  be expressed as  a linear 
function of time so  that the secular trend of a logistic growth process appears as  a straight line 
when plotted in this way. Substituting f =z/n in the equation, expresses the growth process in 
terms of fractional share f of the asymptotic level n reached, i.e. the equation becomes: 
f/(l-f)-exp(at +p). 
Figure 2.1 World Air Transport  - All Operations. 
operating between t he  l a rge  hub-airports while o t h e r  a i r c r a f t  consti tute t h e  f e ede r  
and distribution system to  destinations with lower t ra f f i c  volume. The analogy 
between elect r ic i ty  gr ids  o r  road  systems i s  ve ry  close - l a rge  a i r c r a f t  correspond 
t o  high-voltage transmission lines o r  primary roads.  
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Figure 2.2 World Air Transpor t  - Logistic Plot .  
Figure 2.3 shows t h e  improvement o v e r  time of one important  pe r fo rmance  
indicator f o r  commercial passenger  a i r c r a f t ,  i .e . ,  t he  inc rease  of ca r ry ing  
capaci ty  and speed  (often called productivity)  measured in passenger-kilometers 
p e r  hour .  Each point on t h e  g r a p h  indicates t h e  performance of a given a i r c r a f t  
when used in commercial opera t ions  f o r  t h e  f i r s t  time. F o r  example, t h e  DC-3 w a s  
introduced in 1935 with a performance of abou t  7,400 passenger-kilometers p e r  
hour  (about 21 passengers  at abou t  350 km/h) whereas t h e  B747 w a s  introduced in  
1969 with a performance of about  500,000 passenger-kilometers p e r  h o u r  (about 500 
passengers  at about 1,000 km/h). The l a rges t ,  c u r r e n t  B747s c a n  c a r r y  almost 700 
passengers  and are t h e r e f o r e  abou t  100 times as productive as t h e  DC-3 50 y e a r s  
ago. The u p p e r  c u r v e  r e p r e s e n t s  a kind of "performance feasibility" f r o n t i e r  f o r  
passenger  a i r c r a f t ,  s ince  t h e  performance of all commercial a i r  t r a n s p o r t s  at t h e  
time they were  introduced i s  e i t h e r  on o r  below t h e  curve .  Fur the rmore ,  all 
commercially successful  long-range a i r c r a f t  are on t h e  performance feasibil i ty 
c u r v e ,  while al l  o t h e r  planes l ie  below t h e  curve .  Thus, at any given time t h e r e  
a p p e a r s  to b e  only one  a p p r o p r i a t e  productivity specification f o r  long-range 
passenger  planes. Since t h e  more r e c e n t  jet t r a n s p o r t s  all fly at about  t h e  same 
speed,  t h e  a p p r o p r i a t e  design f o r  a new, hypothetical  long-range t r a n s p o r t  should 
allow f o r  a capaci ty  of more than 700 passengers.  According to t h e  est imated 
curve ,  t h e  asymptotic capaci ty  of t h e  l a rges t  a i r c r a f t  i s  about  1,200 passengers  at 
subsonic speed  (i.e. 1,200 passenger  kilometers p e r  hour  o r  200,000 passenger  
kilometers p e r  year) .  Another in teres t ing f e a t u r e  in Figure 2.3 i s  t h a t  t h e  
productivity of all passenger  a i r c r a f t  i s  confined within a r a t h e r  narrow band 
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Figure 2.3 Passenger Aircraft  Performance. 
between the performance feasibility curve and a "parallel" logistic curve with a lag 
of about nine years.  This "parallel" logistic curve coincides with the growth of the 
world a i r  t ranspor t  from Figure 2.2. 
I t  took about 33 years  fo r  the performance of the most productive a i r c r a f t  t o  
increase from about one percent  of the estimated asymptotic performance to  about 
half that  performance (e.g. the DC-3 represents  the one-percent achievement and 
the B747 roughly the 50-percent mark). In many ways, the  achievement of the 50 
percent  level represen ts  a s t ruc tura l  change in the  development of the whole 
passenger a i r c r a f t  industry and airlines. Since w e  a r e  dealing with S s h a p e d  growth 
(i.e. a logistic curve)  the  growth process  is exponential until the  inflection point 
(i.e. the 50 percent  level) is achieved. This means that  at the beginning the re  a r e  
many doublings in the productivity of a i r c r a f t  within periods of only a few years.  
However, once the inflection point (the 50-percent level) is reached,  t he re  is  only 
2 We call the elapsed time between the one and 50 percent points A t ,  i.e. in this  example A t  - 33 
years. Due to  the symmetry of the logistic function, the same time i s  required for the increase 
from 50 to  99 percent of the saturation level. 
one doubling lef t  until t h e  sa tura t ion level i s  r eached .  In the  example from Figure 
2.3, th is  development phase  o c c u r r e d  in 1969 with t h e  introduction of t h e  B747. 
Since t h e  B747 could in principle b e  s t r e t c h e d  by about  a f a c t o r  of two, i t  could a l so  
b e  the  long-range a i r c r a f t  during t h e  next  two decades.  T h e r e a f t e r ,  a new phase  of 
growth i s  conceivable with e i t h e r  l a r g e r  o r  f a s t e r  long-range a i r c r a f t  and in t h e  
more distant  fu tu re  possibly both. Before the  inflection point, s t r e tch ing  does not  
help f o r  more than a few y e a r s  due to r a t h e r  f requen t  doublings in productivity s o  
t h a t  principally new solutions are necessary.  This a lso  means t h a t  a wrong model on 
t h e  market  c a n  b e  a cruc ia l  bu t  never theless  revers ib le  mistake provided t h a t  t h e  
manufacturer has  l a r g e  enough r e s o u r c e s  at his  disposal t o  launch a new, improved 
performance model on t h e  market  a f t e r  a few years .  However, a f t e r  t h e  inflection 
point this i s  no longer  a possible s t r a t e g y  since those a i r c r a f t  t h a t  are successful  
can  be  s t r e t c h e d  t o  meet t h e  market  demand through satura t ion.  There fore ,  toward 
t h e  l a te  1960s designing new long-range t r a n s p o r t  suddenly became r i s k i e r  than 
before  s ince  a second chance  of launching a new model a f t e r  a few y e a r s  was no 
longer  possible. The B747, f o r  example, had t h e  a p p r o p r i a t e  productivity,  while two 
o t h e r  competi tors,  t h e  DC-10 and L l O l l  were too small. Launching a 700 to 800 
passenger  a i r c r a f t  in t h e  n e a r  fu tu re  could consti tute a g r e a t  r i sk  s ince  a s t r e t c h e d  
B747 can  do t h e  same job. A smaller  long-range a i r c r a f t  would most likely consti tute 
a fa i lure  as well since i t  would fall s h o r t  of t h e  market  requirements.  The design of 
a supersonic  a i r c r a f t  with a capaci ty  f o r  300 t o  400 passengers ,  o r  a hypersonic 
t r a n s p o r t  with s a y  200 t o  250 passengers ,  may t h e r e f o r e  b e  a b e t t e r  s t r a t e g y  f o r  
t h e  f i r s t  y e a r s  of t h e  nex t  century.  To some ex ten t  this a l so  explains why Concorde 
cannot b e  a commercial success  - with a capaci ty  of 100 passengers  i t  w a s  150 
passengers  s h o r t  of being a se r ious  competi tor t o  t h e  B747. 
Figure 2.4 shows t h e  performance improvement of civil a i r c r a f t  engines s ince  
the  beginning of aviation. The f i r s t  piston engine visible on the  plot  i s  t h e  French 
Antoinette engine r a t e d  at 50 hp in 1906 and t h e  l a s t  i s  t h e  American Wright Turbo 
Compound r a t e d  at 3400 h p  in 1950. These r e p r e s e n t  a n  improvement in power of 
almost two o r d e r s  of magnitude during a per iod of 44 y e a r s ,  and  abou t  90 p e r c e n t  of 
t h e  estimated sa tu ra t ion  level f o r  piston engines at about  3800 hp.  A para l le l  
development in t h e  maximal t h r u s t  of je t  engines follows with a lag of abou t  30 years :  
s t a r t ing  in 1944 with t h e  German Junkers  Juno 004 ( ra ted  at 900 kg) and ending with 
t h e  American P r a t t  and  Whitney JT9D in the  e a r l y  1980s with 90  p e r c e n t  of t h e  
estimated sa tu ra t ion  level of about  29000 kg. Both pulses in the  improvement of 
a i r c r a f t  engines are charac te r ized  with a A t  of about 30 years .  The midpoints of 
t h e  two pulses o c c u r r e d  in 1936 and 1966 (i.e., the  respec t ive  inflection points) and 
coincide with t h e  introduction of t h e  DC-3 and B747. In fac t ,  t h e  P r a t t  and Whitney 
Twin Wasp, introduced in 1930, became the  power plant f o r  t h e  DC-3. I t  a lso  s e r v e d  
as t h e  basis-engine f o r  subsequent and more powerful der ivat ives  such as t h e  Wasp 
Major introduced in 1945 toward the  end of the  a i r c r a f t  piston engine era. Thus, 
c e r t a i n  paral le ls  are visible t o  t h e  dynamics of passenger  a i r c r a f t  development 
beyond the  obvious similarity in t h e  time constant  (At of abou t  30 years) .  Namely, 
those  engines introduced slightly be fore  t h e  inflection point, such as the  Twin Wasp, 
a r e  "stretched" by doubling t h e  cylinder rows t o  inc rease  t h e  power. The Wright 
Turbo Compound r e p r e s e n t s  t h e  l a s t  refinement in a i r c r a f t  piston engines,  t h e  major 
additional f e a t u r e  being t h a t  turbo-charging was used to der ive  shaft-power, 
otherwise t h e  engine w a s  a d i r e c t  der ivat ive  from the  Wright Cyclone s e r i e s  
introduced in t h e  e a r l y  1930s with Cyclone 9 (which originally powered t h e  DC-2). 
This resu l t  indicates t h a t  t h e  time constant f o r  t h e  development of passenger  
a i r c r a f t  as one of the  most modern t ranspor ta t ion modes a p p e a r s  t o  b e  about  30  
years .  A s  mentioned above,  t h e  s t andard  industry design emerged during t h e  
X Fraction ( F = 
1900 191 0 1920 1930 1940 1950 1960 1970 1980 1990 2000 
A. Griibler. 1986 
- 
- - Jets 
- - 
- - Pistons (HP) Max Thrust - Kg 
- - (K = 3800) (K = 29,000) 
-- 
Figure 2.4 Performance of Aircraf t  Engines. 
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depression y e a r s  (i.e., t h e  1930s). Thirty y e a r s  l a t e r  the  B747, t h e  f i r s t  wide-body 
jet  t o  e n t e r  se rv ice ,  r e p r e s e n t e d  one of t h e  most significant improvements in 
commercial t r a n s p o r t  and i t s  productivity represen ted  half of t h e  estimated 
industry sa tura t ion level  t h a t  may be  approached toward t h e  end of th is  century.  
Thus, within a period of 60  y e a r s  the  life cycle  is  completed, from standardization 
and subsequent rapid  growth charac te r ized  by numerous improvements, through t h e  
inflection point when t h e  emphasis changes  t o  competition charac te r ized  by cos t  
reductions and rationalization. These charac te r i s t i c s  of the  industry,  including 
s teady performance improvement, are well i l lustrated by t h e  development of t h e  
B747 line. Next we will investigate t h e  development of a n  o lder  system tha t  i s  a 
s t rong  competi tor f o r  t h e  a i r l ines  in long-distance passenger  t r a n s p o r t  - t h e  
automobile. 
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2.2 Automobile 
A t  the  beginning of the century,  very few proponents of the automobile 
envisaged tha t  i t  would develop and disseminate throughout the world s o  rapidly 
during the last  100 years.  But the f i r s t  horseless carr iages  already posed an  
alternative t o  the horse-drawn buggies and wagons. A s  a commercial and 
recreat ional  vehicle, the motor car offered many potential advantages compared t o  
o the r  modes of transportation, especially over  animal-drawn vehicles. Perhaps the 
most important advantage was the possibility t o  increase the  radius of local 
t ransport ;  being faster the  automobile allowed many en t repreneurs  to expand the i r  
c i rc le  of customers and offered a more flexible mode of business and leisure 
t ransport .  
A t  the  beginning the  rai l roads were not challenged by the automobile, but 
r a t h e r  helped the i r  expansion since they offered an efficient form of long-distance 
t ranspor t  t ha t  combined w e l l  with the  use of motor vehicles fo r  local, urban and 
ru ra l  road t ransport .  Within a few decades, however, the automobile became an  
important form of t ranspor t  fo r  both local and long-distance passenger t ravel  in the 
United States.  Since the 1930s up t o  the present,  the total  mileage traveled by 
automobiles, and motor vehicles in general,  was divided almost equally between 
r u r a l  and urban travel.  
The automobile had a relatively la te  s t a r t  in the United States  compared with 
European countries (e.g. France, Germany and the  United Kingdom). In 1894 four  
motor vehicles were recorded t o  be in use in the United States.  However, the  
expansion of the automobile fleet' thereaf te r  was impressive - 16  vehicles were in 
use in 1896, 90 in 1897, 8,000 in 1900, almost half a million ten years  l a t e r  and more 
than one million a f t e r  another  two years .  Thus, both in terms of production and 
number of vehicles in use, the  United States  quickly surpassed European countries.  
Figure 2.5 shows the rapid increase in the number of cars used in the United 
States.  By the  1920s m o r e  than ten million automobiles were in use on American 
roads and the  100 million mark was surpassed in 1970. Figure 2.5 also shows tha t  
the expansion of the automobile f leet  is  character ized by two distinct secular  t rends 
with an inflection in the 1930s followed by less rapid growth ra tes .  Since the t w o  
secular  t rends of the cu rve  appea r  to be roughly l inear on the logarithmic scale in 
Figure 2.5, the automobile fleet evolved through two exponential pulses .  Our 
working hypothesis is  tha t  the two t rends indicate two different phases of 
dissemination of motor vehicles in the United States.  The f i r s t  charac te r izes  the 
substitution of horse-drawn road vehicles, and the second the actual growth of road  
t ranspor t  a f t e r  o the r ,  animal-drawn vehicles essentially disappeared from American 
roads.  Only a f t e r  the  completion of this substitution process  did the  automobile 
emerge a s  an important competitor to the  railroads f o r  the long-distance movement 
of people and goods, and perhaps,  also a s  a competitor t o  urban transportation 
modes, such as the  tram, subway o r  local t ra in .  Thus, the f i r s t  expansion phase is 
more rapid since i t  represen ts  a "market takeover", whereas the second represen ts  
the actual growth of the road vehicle fleets and the i r  associated infrastructures  
such as highway systems. 
Due to  the obvious problems associated with the lack of historical records  
about the exac t  number of horse-drawn vehicles in the United States  during the f i r s t  
decades a f t e r  the introduction of the  automobile in 1895, w e  can only approximately 
descr ibe the assumed substitution of the horse by the motor car during the f i r s t ,  
Figure 2.5 Number of Automobiles and Road Horses  (and Mules) in US. 
more rapid ,  expansion phase  of t h e  motor vehicle f leets .  A s  a rough approximation 
of th is  substi tut ion p rocess ,  w e  use t h e  number of d r a f t  animals ( road  h o r s e s  and 
mules) and automobiles given in Figure 2.5. Sometimes h o r s e  and saddle were used 
a s  a "road vehicle", bu t  of ten  more than one h o r s e  was used t o  pull buggies and 
wagons. City omnibuses r e q u i r e d  about  15 h o r s e s  t o  b e  in use  t h e  whole day and a 
s t a g e  coach probably  even  more,  s ince  t h e  h o r s e s  were rep laced  a t  e a c h  s ta t ion.  
Thus, Figure 2.5 may overemphasize t h e  number of horse-drawn vehicles if t h e  
number of d r a f t  animals i s  used as a proxy  f o r  t h e  number of vehic les  ac tual ly  in 
use. On t h e  o t h e r  hand, w e  have  not included farm work animals in Figure 2.5, 
although ce r t a in ly  farm h o r s e s  were also  used as a means of t r a n s p o r t ,  especial ly in 
t h e  r u r a l  a r e a s .  Thus, t h e  disadvantage of th i s  rough comparison of t h e  number of 
animal-drawn vehicles and motor cars i s  t h a t  t h e  es t imates  of non-farm h o r s e s  and 
mules a r e  ce r t a in ly  not  v e r y  a c c u r a t e  and are unevenly spaced  in time. Despite th i s  
disadvantage,  Figure 2.6 indicates  t h a t  t h e  automobile r ep laced  horse-  and mule- 
drawn r o a d  vehicles dur ing a re la t ively  s h o r t  per iod and t h a t  t h e  substi tut ion 
p r o c e s s  proceeded along a logistic path.  Motor vehicles achieved a one-percent 
3 One gene ra l  f ind ing  of a  l a r g e  number of s t u d i e s  i s  t h a t  s u b s t i t u t i o n  of  an old t echno logy  by  a new 
one, e x p r e s s e d  i n  f r a c t i o n a l  t e r m s ,  fo l lows  c h a r a c t e r i s t i c  S s h a p e d  c u r v e s .  F i s h e r  and P r y  
(1971) fo rmula ted  a  s imple  b u t  powerful  model of t echno log ica l  s u b s t i t u t i o n  by  p o s t u l a t i n g  t h a t  
t h e  r ep lacemen t  of an  old by a  new t echno logy  p roceeds  along t h e  l o g i s t i c  g r o w t h  cu rve :  
f/(l-f ) = e x p ( a t  +H), w h e r e  t i s  t h e  independen t  v a r i a b l e  usua l ly  r e p r e s e n t i n g  some  u n i t  of t i m e ,  
a and @ a r e  c o n s t a n t s ,  is t h e  f r a c t i o n a l  m a r k e t  s h a r e  of t h e  new c o m p e t i t o r ,  wh i l e  1-f i s  t h a t  of 
t h e  old one. 
Figure 2.6 Substitution of Horses by Cars ,  US. 
s h a r e  in road  vehicles shor t ly  a f t e r  1900, and a 50 percen t  s h a r e  in 1917. A 
complete t akeover  of t h e  "market" o c c u r r e d  in 1930 with 23  million cars o v e r  0.3 
million road  horses  and mules compared t o  almost two million t en  y e a r s  e a r l i e r .  This 
resu l t  indicates t h a t  t h e  inflection point of t h e  secu la r  t r e n d  of reg i s te red  c a r s  
from Figure 2.5 actually coincides with t h e  end of t h e  substitution of animal-drawn 
road  vehicles and explains t h e  "saturation" in t h e  growth of motor vehicles 
perceived by many analys ts  during t h e  la te  1920s and e a r l y  1930s. This perceived 
sa tura t ion marks the  beginning of a new phase  in t h e  motorization of America, with 
growth rates comparable t o  those  of t h e  expansion of horse-drawn vehicles be fore  
t h e  automobile age.  Seen  from this  perspect ive ,  the  growth in t h e  number of al l  
road vehicles i s  a continuous p rocess  o v e r  t h e  e n t i r e  per iod from 1850 t o  date .  
Figure 2.7 shows t h e  s e c u l a r  inc rease  of al l  road  vehicles, horse-drawn and motor 
powered, as a logistic growth p rocess  with a n  a p p a r e n t  sa tura t ion level of about  350 
million vehicles a f t e r  t h e  y e a r  2030 and  A t  of about  100 years .  
Thus, w e  are dealing with two simultaneous processes ,  t h e  growth of road  
t ranspor t  in general  and t h e  substitution of h o r s e  c a r r i a g e s  and wagons by 
automobiles. Because t h e s e  two s e c u l a r  developments over lap in time they toge ther  
have t h e  e f fec t  of producing two growth t rends  in t h e  automobile f l ee t  with a n  
inflection point in t h e  1930s marking t h e  s t r u c t u r a l  change in t h e  composition of t h e  
road  vehicle f lee ts ,  but  only one logistic growth t rend  f o r  a l l  road  vehicles. Thus, 
l ike a i r c r a f t ,  road  vehicles consti tute a kind of d is t r ibuted i n f r a s t r u c t u r e  t h a t  
expands in time as one connected system. 
Figure 2.7 A l l  Road Vehicles in Use, US. 
In f a c t ,  both a i r  and r o a d  t r a n s p o r t  systems r e q u i r e  e l a b o r a t e  and 
sophist icated in f ras t ruc tu res .  P e r h a p s  t h e  most obvious examples are a i r p o r t s  and 
supporting ground systems f o r  a i r c r a f t ,  and r o a d s  and s e r v i c e  i n f r a s t r u c t u r e  f o r  
r o a d  vehicles. In t h e  c a s e  of t r a i n s  and a i r c r a f t  i t  i s  self evident t h a t  a i r p o r t s  and 
ra i l roads  were cons t ruc ted  with t h e  single purpose  of providing t h e  i n f r a s t r u c t u r e  
f o r  these  t r a n s p o r t  modes. However, in t h e  case of the  automobile i t  i s  not  s o  c l e a r  
whether  t h e  r o a d s  provided t h e  niche into which t h e  motor car expanded o r  if good 
r o a d s  had to b e  developed because  the  car f l ee t s  were expanding. Whether t h e  
automobile caused t h e  need f o r  good roads ,  o r  t h e  const ruct ion of good roads  
caused t h e  development of t h e  automobile indust ry  (an argument a l r e a d y  deba ted  in 
t h e  1930s,  see e.g. Epstein,  1928). t h e  expansion of road  vehicle f l ee t s  i s  para l le led  
by t h e  mileage growth of s u r f a c e d  roads ,  although t h e  to ta l  mileage of a l l  r o a d s  
inc reased  v e r y  slowly from 3.16 million miles in 1 9 2 1  t o  3.85 million miles in 1981. 
Figure 2.8 shows t h e  to ta l  r o a d  mileage in t h e  United States and t h e  mileage of 
urban streets (ea r l i e r  defined as municipal s t r e e t s ) ,  r u r a l  r o a d s  and a l l  u rban  and 
r u r a l  s u r f a c e d  r o a d s  (bituminous penetra t ion,  asphal t ,  c o n c r e t e ,  wood, s t o n e  and  
o the r ) .  The f igure  i l lus t ra tes  t h a t  t h e  growth of s u r f a c e d  r o a d s  para l le led  t h e  
growth of all r o a d  vehicle f l ee t s  while t h e  mileage of a l l  r o a d s  inc reased  v e r y  
slowly. However, the  expansion of su r faced  r o a d s  p receded  t h e  expansion of motor 
vehicles. In 1905 e igh t  p e r c e n t  of al l  r o a d s  were sur faced ,  bu t  less than 8 0  
thousand motor vehicles were in use compared t o  about  3.3 million r o a d  h o r s e s  and  
mules (in addition t o  t h e  22 million d r a f t  animals used f o r  farming). Thus, t h e  e a r l y  
s u r f a c e d  r o a d s  were developed f o r  h o r s e s  and not automobiles, bu t  motor  vehic les  
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Figure 2.8 Mileage of all Roads, US. 
quickly expanded into t h e  growing in f ras t ruc tu re .  
Figure 2.9 shows t h e  substi tut ion of unsurfaced by  s u r f a c e d  roads .  In 1910 
abou t  1 0  p e r c e n t  of al l  r o a d s  were sur faced ,  during t h e  1940s abou t  one half ,  and 
today abou t  90 p e r c e n t  are sur faced ,  s o  t h a t  t h e  substi tut ion p r o c e s s  las ted  (i.e. A t  
is)  abou t  75 years .  There fo re ,  we c a n  conclude t h a t  t h e  introduction of su r faced  
r o a d s  p receded  t h e  introduction of motor vehicles in t h e  United S t a t e s ,  bu t  t h a t  t h e  
f i r s t  rapid-growth phase  of motor vehicle f l ee t s  o c c u r r e d  while less  than  one half of 
American r o a d s  were sui table  f o r  t h e i r  use. I t  i s  a lso  in teres t ing to note  t h a t  t h e  
substi tut ion p rocess  does not  r e f l e c t  t h e  vigorous r o a d  const ruct ion e f f o r t  a f t e r  
t h e  depress ion y e a r s  in t h e  United S ta tes ,  but  r a t h e r  indicates  a lack of such e f f o r t  
dur ing t h e  1910s and 1920s because  t h e  ac tua l  expansion of su r faced  mileage i s  
somewhat below t h e  long-term t rend  during these  two decades .  A similar 
underexpansion o c c u r r e d  dur ing t h e  e a r l y  1970s,  but  a p p e a r s  t o  have  been 
reabsorbed  dur ing t h e  l a s t  few y e a r s .  This i s  a reassur ing r e s u l t  s ince  i t  confirms 
t h e  observat ion t h a t  i n f r a s t r u c t u r e  i s  a pre requ i s i t e  f o r  t h e  expansion of t r a n s p o r t  
systems. Rai l roads  and a i r p o r t s  had to b e  const ructed f o r  t r a i n s  and a i r c r a f t  and,  
in t h e  same way, su r faced  r o a d s  were requ i red  f o r  t h e  widespread use of motor 
vehicles. Figure 2.10 shows t h e  inc rease  of su r faced  r o a d  mileage as a logistic 
growth p rocess  with a sa tu ra t ion  level  of abou t  3.5 million miles (almost r e a c h e d  
with 3.4 million miles today) t h a t  para l le ls  t h e  substi tut ion p r o c e s s  of unsurfaced by  
su r faced  r o a d s  from Figure 2.9. Thus, su r faced  roads ,  as a n  important  
i n f r a s t r u c t u r e  f o r  r o a d  t r anspor t ,  a p p e a r  to b e  in sa tu ra t ion  today,  while t h e  
automobile f l ee t  i s  s t i l l  growing and should r e a c h  i t s  est imated sa tu ra t ion  phase  in 
about  50  yea r s .  
Figure 2.9 Substi tut ion of Unsurfaced by  Sur faced  Roads, US. 
Figure 2.10 Mileage of Sur faced  Roads, US. 
2.3 Railroads 
W e  have  s e e n  t h a t  a i r  t r a n s p o r t  and t h e  automobile are s t i l l  expanding modes of 
passenger  t r ave l .  Railroads,  on t h e  o t h e r  hand,  are now in t h e  post-saturation 
development phase.  In t e rms  of in te rc i ty  passenger  t r a f f i c  in t h e  United S ta tes ,  
t h e i r  position vis-a-vie a i r c r a f t  and t h e  automobile i s  being eroded.  I t  i s  symbolic 
of th is  decay  p r o c e s s  t h a t  t h e  t ranscont inenta l  railway s e r v i c e  h a s  been 
discontinued in t h e  U.S. While widespread a i r  t r a v e l  i s  only about  50  y e a r s  old and 
t h e  f i r s t  automobile p e r h a p s  about 100 y e a r s ,  t h e  f i r s t  r a i l roads  of significant  
length were introduced 50  y e a r s  e a r l i e r ,  o r  more than 150 y e a r s  ago. Although 
ra i l roads  were also developed l a rge ly  in Europe ,  l ike t h e  automobile t h e y  had t h e i r  
most dramat ic  growth in t h e  United States. By 1840, o r  more than t e n  y e a r s  a f t e r  
t h e  f i r s t  commercial l ines went in to  s e r v i c e ,  t h e  United S t a t e s  had almost 4,500 km 
of r a i l road  compared t o  Europe 's  3,000 km (see Taylor, 1951). 
The Baltimore and Ohio Railroad,  probably  t h e  f i r s t  commercial r a i l road  in t h e  
United S t a t e s ,  w a s  c h a r t e r e d  in 1829; two y e a r s  l a t e r  i t  had 13 miles of t r a c k  in 
opera t ion.  Many p ro jec t s  soon followed. In 1833 t h e  Charleston and Hamburg 
Railroad along t h e  Savannah River  r o u t e  was t h e  longest r a i l road  in t h e  world under  
single management with 126  miles of t r a c k .  By 1935, t h r e e  Boston ra i l roads  were in 
opera t ion,  one  t o  Lowell, one  to Worcester  and the  th i rd  to Providence.  
To a n  ex ten t ,  t h e  e a r l y  railway lines were f e e d e r  lines f o r  canal  and waterway 
t r a n s p o r t  systems in much t h e  same way as t h e  e a r l y  commercial motor vehicles 
were f o r  railways. Tramways (as e a r l y  dedicated t r a c k s  with animal-drawn o r  steam 
t r a ins  were called) in t h e  Pennsylvania coal  fields augmented canal  t r a f f i c ,  and some 
of t h e  f i r s t  r a i l roads  connecting to  t h e  E r i e  Canal originally s e r v e d  as branch l ines 
f o r  tha t  canal.  In fac t  t h e  e a r l y  ra i l roads  were not allowed t o  compete with t h e  E r i e  
Canal. But even these  ea r l i e s t  r a i l roads  were largely  independent t r a n s p o r t  agents  
and proved t o  be s t u r d y  r ivals  f o r  t h e  o lder  canals.  Thus railways were both f e e d e r  
lines f o r  canals where they  could not compete with the  canals,  but  a l so  provided 
a l ternat ive  t r a f f i c  rou tes ,  and consequently d i r e c t  competition, t o  canals  and 
turnpikes.  For  example, t h e  Boston and Worcester Railway w a s  a competi tor of t h e  
Blackstone Canal, and when completed, t h e  Providence and Worcester Railroad put  
th is  canal  out of business. The Baltimore and Ohio Railroad took business away from 
t h e  Chesapeake and Ohio Canal, and t h e  Charleston and Hamburg Railroad w a s  
designed to ,  and did to some extent ,  d ive r t  t r a f f i c  from t h e  lower Savannah River .  
This i s  again analogous t o  t h e  competition between motor vehicles and ra i l roads ,  and 
t h e  eventual  replacement of t r a ins  by motor vehicles in some market  segments, and 
t h e  symbiotic development of e a r l y  motor vehicles as a f e e d e r  system t o  t h e  
ra i l road  network. 
Star t ing in t h e  1830s,  t h e  expansion of t h e  ra i l roads  in t h e  United S t a t e s  w a s  
v e r y  rapid  f o r  almost 100 years .  This growth p rocess  i s  i l lustrated in Figure 2.11, 
J ~ h i c h  shows t h e  inc rease  in opera ted  mileage of f i r s t  and o t h e r  main t r a c k s  in t h e  
United S t a t e s  s ince  1835. The mileage increased as a single logistic pulse reaching 
sa tura t ion in 1929 with a At of about 50  years .  
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Figure 2.11 Growth Pulse in Main Rail Track Operated,  US. 
I t  declined logistically thereaf te r  with a At of about 125 years .  The increase in 
terms of the  actual length of operated main t r ack  infrastructure ,  was from about 
4,500 km (less than 3,000 mi) in 1840 t o  over  480,000 km (about 300,000 mi) in 1929; 
about two o rde r s  of magnitude in 90 years .  In comparison, the  decline w a s  a r a t h e r  
slow process: by the 1980s the  length of main t r ack  actually in operation decreased 
by about one third t o  some 320,000 km (about 200,000 mi). Thus, the phase of 
decline (about 50 years)  appears  to  be slower than the  growth phase probably 
because older technologies and infrastructures  entered new niches a f t e r  t he  
saturation and displacement by new competitors. For example, sailing ships, wood 
f i res  and horse  riding have all become favorite leisure time and sporting activities 
although in the i r  original markets were replaced by new technologies long ago. 
Thus, in this sense the railways may en te r  a new e r a  of use although they have 
virtually lost any significance as a mode of intercity passenger travel.  Local 
passenger t raff ic  and touris t  cruises (perhaps similar t o  ocean cruises) may be 
alternative uses fo r  this l a rge  infrastructure  in the future.  Some canals a r e  
a l ready serving such a purpose although they have not been profitable as  a means 
of t ranspor t  since the hay days of railroads.  But both canals and railroads still 
offer efficient t ranspor t  f o r  low-value goods (per  unit weight and/or volume). 
Many technological improvements were introduced in the United States  during 
the  f i r s t  decades of the  rai l road expansion. Most of the  ear ly  American railroads 
adopted wooden rai ls  often 20 to  25 f ee t  long capped with an  iron s t r a p  o r  bar .  In 
1831 Robert  I. Stevens ordered iron T-rails from England and installed them on the  
New Jersey  Railroad (see Taylor, 1962), but i t  was not until the  1860s tha t  T-rails 
became a prominent design fea ture  on American railroads.  In 1847 they became 
mandatory in the s ta te  of New York, although wooden rai ls  were sti l l  in use on the  
western rou tes  then under construction. Iron rai ls  were a significant improvement 
since they made the use of heavier locomotives and loads possible and thereby 
increased the efficiency of ra i l  t ransport .  Later ,  the iron rai ls  were substituted by 
steel. Thus, the basic construction materials in ra i l road infrastructure  were 
shifted from wood to  l a rge r  sha re s  of initially iron and l a t e r  steel.  A t  the  same 
time, the energy sources  also changed from the d ra f t  animals tha t  were used in the  
f i r s t  tramways to  steam locomotives fired by wood, which then remained the  
principal fuel used by rai l roads until about 1870 (Shurr  and Natschert ,  1960). Wood 
w a s  then replaced by coal and l a t e r  steam locomotives in general were replaced by 
diesel ones. Figure 2.12 shows the substitution of steam by diesel locomotives. The 
f i r s t  diesel locomotive w a s  introduced in 1925 during the  time when the  total  number 
of locomotives peaked a t  about 69,000 and a few years  before  the  length of main 
t rack  in operation reached i ts  maximum and s ta r ted  to  decline. Some e lec t r ic  
locomotives were introduced ea r l i e r  but they never  gained any importance in the 
United States  and always stayed below a two percent  s h a r e  in the  total  locomotive 
fleet.  The replacement of steam by diesel locomotives w a s  a swift process  tha t  
lasted slightly longer than 20 years  (a l i t t le sho r t e r  than the time taken fo r  the 
substitution of horses  by automobiles tha t  lasted less than 30 years).  In 1938 diesel 
locomotives reached a one-precent s h a r e  in total  locomotives and by the 1960s more 
than a 99 percent  share .  Thus, while the substitution of steam by diesel locomotives 
was a fas t  technological change in t he  composition of the fleet,  the  continuous 
increase in performance of the railroad t ranspor t  system is  character ized with 
longer secular  trends.  Since the  f i r s t  designs a t  the beginning of the las t  century,  
the  traction of locomotives increased through improvements in the  efficiency of 
energy conversion and subsequent increase of horsepower, and through increased 
weight (only possible because of the improvements in t racks  and materials). In 
terms of total  installed horsepower of all locomotives, the absolute peak was 
achieved in 1929 with more than 100 million horsepower of about 60,000 (mostly 
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Figure 2.12 Substi tut ion of Steam by Diesel Locomotives, US. 
steam) locomotives. This peak coincides with t h e  maximal length of main t r a c k s  a l s o  
achieved in 1929.  Although t h e  to ta l  installed horsepower  d e c r e a s e d  a f t e r  1929,  t h e  
average  t r a c t i v e  e f f o r t  of al l  locomotives continued to inc rease  through t h e  1970s  
because  t h e  to ta l  number of locomotives also declined s ince  1925. 
A number of o t h e r  indicators  of t h e  ra i l road  system in t h e  United States show 
t h a t  t h e  1920s r e p r e s e n t e d  t h e  culmination of railways. While t h e  capac i ty  
continued t o  inc rease  in a n  analogous way to t h e  t r a c t i v e  e f f o r t  of locomotives, t h e  
number of passenger- t ra in  c a r s  in s e r v i c e  peaked in 1924 at more than 57,000 and 
f re ight- t ra in  c a r s  in s e r v i c e  peaked in 1925 at more than  2.4 million. The number of 
passengers  c a r r i e d  and passenger-miles also peaked during t h e  same decade  
(passengers  a t  o v e r  1.2 billion and passenger-miles at more than 47  billion both in 
1920). All of these  indicators  declined subsequently to somewhere between 3 0  and 
40 p e r c e n t  of t h e  maximal values r e a c h e d  during t h e  1920s. 
A c e r t a i n  para l le l  in t h e  development of r a i l roads  and automobiles c a n  b e  
detected.  In a more superf ic ia l  way both systems imitated t h e  design of t h e  
t r a n s p o r t  modes t h a t  t h e y  were competing with and eventually substi tuted.  F i r s t  
motor vehicles were l i tera l ly  horseLess c a r r i a g e s :  they were almost identical  
e x c e p t  f o r  t h e  d i f ference  in t h e  prime mover. Analogously, e a r l y  ra i l road  
passenger  c a r s  were identical  to s tagecoaches  both in design and appearance .  More 
fundamentally, in t h e  United S t a t e s  t h e  expansion of main t r a c k  w a s  only sl ightly 
f a s t e r  than t h e  expansion of su r faced  roads .  Both growth p rocesses  a r e  
c h a r a c t e r i z e d  with a At of roughly  5 0  y e a r s  (i.e. r a i l roads  of abou t  47 and r o a d s  
about  55),  but  a r e  s e p a r a t e d  in time by about  50 yea r s .  The inflection points of t h e  
t w o  growth pulses a r e  s e p a r a t e d  by 56  y e a r s ;  t h e  main t r a c k s  r e a c h e d  half t h e  
sa tu ra t ion  level  in 1890 and su r faced  roads  in 1946. Thus, t h e  growth of these  two 
in f ras t ruc tu res  is charac te r i zed  by a "time constant" of about  50 y e a r s ,  while t h e  
decline of r a i l road  in f ras t ruc tu re  a p p e a r s  to b e  a slower p rocess .  Another 
fundamental similarity in t h e  evolution of t h e  two t r anspor ta t ion  systems is  t h a t  
important changes in r o a d  t r a n s p o r t  o c c u r r e d  during t h e  y e a r s  when most 
performance indicators of railways were sa tu ra t ing .  Railways s a t u r a t e d  during t h e  
1920s and during t h e  same decade t h e  substi tut ion of h o r s e s  by  automobiles w a s  
completed. Other  fundamental innovations were a lso  in t roduced in t h e  rapidly  
expanding automotive indust ry  during th is  per iod such as mass production and 
closed car bodies. Thus, while t h e  ra i l roads  were sa tu ra t ing ,  t h e  automobile 
industry matured and introduced important  changes  t h a t  g e n e r a t e d  subsequent 
growth. 
Tt i s  useful t h e r e f o r e  to distinguish t w o  di f fe ren t  a s p e c t s  in t h e  evolution of t h e  
t w o  t r a n s p o r t  in f ras t ruc tu res .  While t h e  growth of main t r a c k s  and su r faced  r o a d s  
las ted  on t h e  o r d e r  of 50 yea r s ,  t h e  technological changes  and slibstitution of old by  
new equipment i s  a much f a s t e r  p rocess  of about  1 0  to 20 y e a r s  at t h e  level  of 
locomotive or automotive f leets .  These p rocesses  continue even  a f t e r  t h e  sa tu ra t ion  
phase  is  r eached  as t h e  substi tut ion of steam by  diesel  locomotives indicated. Thus, 
technological changes are important  in both growing and declining industries.  Tn 
growing industries new technologies are introduced through new additions and 
replacement,  while in t h e  declining indust r ies  new technologies are introduced 
exclusively through p a r t i a l  replacement of old technologies. 
2.4 Canals 
I t  a p p e a r s  t h a t  t h e  evolution of r a i l  and  road  t r a n s p o r t  systems p o r t r a y s  
similar f e a t u r e s  and time constants  ( A t )  in t h e i r  performance improvement, 
technological snbsti tut ion,  and in  t h e  inc rease  in t h e  size of t h e i r  suppor t ing 
in f ras t ruc tu res .  The important  events  in t h e  evolution of t h e  t w o  systems,  however,  
a r e  displaced in time by  about  50 y e a r s .  Railroads s a t u r a t e d  during t h e  1920s when 
some of the  most important  technological changes and improvements in r o a d  
t r a n s p o r t  were initiated. Thus, th i s  similarity i s  p e r h a p s  indicative of a n  invar iance  
in t h e  development p a t t e r n  of t r a n s p o r t  systems and t h e i r  underlying 
in f ras t ruc tu res .  A se r ious  problem a r i ses ,  however, when comparing t h e s e  t w o  
t r anspor ta t ion  modes with those  tha t  d o  not depend exclusively on t h e  r igid,  man- 
made links between them. Airways and waterways a r e  examples of t r a n s p o r t  systems 
t h a t  r e l y  l e s s  on t h e  man-made links between t h e  nodes because  they use  t h e  na tu ra l  
environment (i.e. a i r ,  r i v e r s  and coas ta l  waters)  bu t  never theless  r e q u i r e  a n  
e l a b o r a t e  i n f r a s t r u c t u r e  such as a i r p o r t s ,  h a r b o r s  and canals.  Consequently, i t  is 
difficult to assess  t h e  to ta l  length of t h e  implicit a i r  and waterway r o u t e s  t h a t  would 
b e  equivalent to t h e  length of main ra i l road  t r a c k s  o r  su r faced  roads .  In both 
cases ,  however,  t h e r e  are a b s t r a c t  concepts  t h a t  would, in principle,  co r respond  to 
t h e  length of t h e  grid:  t h e  network of cer t i f ied  r o u t e  c a r r i e r s  o r  f e d e r a l  airways in 
a i r  t r a n s p o r t ,  and t h e  to ta l  length of continental  l ~ a t e r w a y s  and canals .  
Unfortunately,  t h e  annual inc rease  in ac tua l  opera ted  mileage length of a l l  a i r  
c a r r i e r  r o u t e s  and t h e  mileage of used continental  waterways and canals  is not v e r y  
accura te ly  documented in h is tor ica l  r ecords .  Thus, h e r e  w e  c a n  r e l y  only on s p a r s e  
accounts  and probably  inaccura te  est imates.  
The f i r s t  decades  of t h e  19th  c e n t u r y  in t h e  United S t a t e s  marked t h e  beginning 
of l a r g e  roads ,  canals,  tramways and l a t e r  railway const ruct ion p ro jec t s .  The y e a r s  
from about  1800 to 1830 have  been called t h e  "turnpike era" because  during th i s  
per iod a number of t h e  r o a d s  designed f o r  t r a v e l  between t h e  l a r g e r  towns o r  to t h e  
w e s t  a c r o s s  t h e  mountains were completed. Turnpikes,  however,  were a l r e a d y  being 
abandoned during t h e  1820s  because  of a l ack  of financial success  (see  Taylor,  
1962). During t h e  same per iod a t tent ion w a s  given to canal  const ruct ion in a n  
a t tempt  to  develop a more effect ive  means of in ternal  t r anspor ta t ion  t o  complement 
coas ta l  merchant  t r a n s p o r t .  t o  canal  const ruct ion while t h e  construction of 
turnpikes  declined. The "canal era" las ted  until the  railways became t h e  main mode 
of long-distance t r a n s p o r t  a few decades  l a t e r .  From th i s  point of view, t h e  1830s  
were v e r y  turbulent  yea r s :  many turnpikes  were abandoned,  canal  const ruct ion w a s  
reaching i t s  peak,  and some e a r l y  railway p r o j e c t s  were a l r e a d y  completed. Thus, 
s ince  t h e  1830s t h e r e  have  been at l eas t  t h r e e  d i f ferent  t r a n s p o r t  modes t h a t  t o  
some ex ten t  provided complementary s e r v i c e s  but  w e r e  a l so  competing d i rec t ly  in 
many market  segments. In c o n t r a s t  t o  turnpikes  and rai lways,  cana l s  connected t h e  
var ious  na tu ra l  links of t h e  inland waterway system and did not  r e p r e s e n t  a 
t r a n s p o r t  i n f r a s t r u c t u r e  in themselves. Instead,  they  are r a t h e r  comparable  t o  
br idges  and tunnels as t h e  connecting links of r o a d  o r  r a i l  t r a n s p o r t  networks.  
Thus, canals  made t h e  inland waterways into a n  in tegra ted t r a n s p o r t  system by  
connecting t h e  l akes  in t h e  nor th  with t h e  r i v e r s  in t h e  south-east  and mid-west. 
However, t h e  g r e a t  waterway a c r o s s  t h e  United States n e v e r  materialized. 
The f i r s t  canals  were buil t  during t h e  1780s and t h e  Richmond Falls was t h e  
f i r s t  cana l  t o  exceed a length of 7 miles when completed in 1793. From then on t h e  
p a c e  of cana l  const ruct ion acce le ra ted :  by 1800 t h e  to ta l  length of cana l s  exceedd 
50  miles and by 1825 more than 1 ,000 miles were  in opera t ion.  Rapid const ruct ion 
continued f o r  a n o t h e r  20 y e a r s  o r  s o ,  reaching 3.600 miles in 1850 and leveling off 
at about  4,000 miles 20 y e a r s  l a t e r .  T h e r e a f t e r  t h e  cana l  business was s o  ser iously  
eroded by competition from t h e  ra i l roads  t h a t  many important  canals  were 
decommissioned. Subsequently,  t h e  length of a l l  canals  in use p roceeded  t o  decline.  
In t h e  United S ta tes ,  t h e  r i s e  and fal l  of o p e r a t e d  canals  para l le ls  t h e  growth and 
decline of t h e  main railway t r a c k s  but  i s  displaced in time by abou t  50  yea r s .  In 
both c a s e s  t h e  growth in mileage of t h e  o p e r a t e d  i n f r a s t r u c t u r e  inc reased  rapidly ,  
but  a f t e r  sa tu ra t ion  t h e  decline w a s  less  r ap id  by f a r .  
Figure 2.13 shows t h e  i n c r e a s e  in t h e  length of canals  in t h e  United States as a 
logistic growth pulse with a sa tu ra t ion  level  of about  4,000 miles a f t e r  t h e  1860s.  
The inflection point, o r  t h e  maximum rate of growth,  w a s  r e a c h e d  in  1835 and t h e  At 
i s  about  30 yea r s .  Thus, canals  have a time constant  comparable  t o  t h a t  of t h e  
airways but  s h o r t e r  than  railways and roads .  A possible explanation f o r  th i s  
d i f ference  i s  t h a t  both canals  and airways r e p r e s e n t  only one important  component 
of t h e i r  ac tua l  i n f r a s t r u c t u r e s ,  which f o r  t h e  fo rmer  includes all waterways in 
addition t o  some man-made cana l s ,  and f o r  t h e  latter a l a r g e  i n f r a s t r u c t u r e  of 
suppor t ing systems. On t h e  o t h e r  hand,  r a i l roads  and s u r f a c e d  r o a d s  in themselves 
const i tu te  a l a r g e  connected i n f r a s t r u c t u r e  t h a t  i s  essential ly a l l  built f o r  a 
speci f ic  purpose ,  whereas  t o  a l a r g e  e x t e n t  t h e  water  and airways utilize t h e  
na tu ra l  environment with additional suppor t ing in f ras t ruc tu res .  Thus, th is  r e s u l t  
may simply i l lus t ra te  t h a t  i t  t akes  longer  t o  cons t ruc t  l a r g e  i n f r a s t r u c t u r e s  such as 
r o a d s  and t r a c k s  compared with const ruct ing se lec ted  links (canals o r  more 
a b s t r a c t l y  a i r  c o r r i d o r s )  and nodes ( a i r p o r t s  and h a r b o r s )  in o r d e r  t o  expand a new 
t r a n s p o r t  system such as water and airways into a n  a l ready  available n a t u r a l  
environment. 
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Figure 2.13 Length of Canals, US. 
2.5 Transport Infrastructures 
The di f ference  in t h e  time constants  between a i r  and inland water  t r a n s p o r t  
systems on t h e  one hand and r a i l  and road  t r a n s p o r t  on t h e  o t h e r ,  indicate t h a t  at 
l e a s t  at th i s  level of comparison those  t r a n s p o r t  systems with more extensive  
in f ras t ruc tu ra l  requirements  may t a k e  longer  to expand and,  possibly, to complete 
t h e  whole l ife cycle  from growth t o  sa tura t ion and l a t e r  senescence.  In o r d e r  to 
assess whether  t h e  time constants  a r e  rea l ly  d i f ferent ,  Figure 2.14 shows t h e  
substi tut ion of d i f ferent  t r a n s p o r t  systems during t h e  last 180 y e a r s  in t h e  United 
S t a t e s  in t e rms  of t h e  o p e r a t e d  mileage of t h e  competing i n f r a s t r u c t u r e s  - canals ,  
main railway t r a c k s ,  su r faced  r o a d s  and federa l  airway r o u t e  miles. Thus, t h e  
growth of t h e  t r a n s p o r t  networks i s  s e e n  h e r e  as t h e  competition p r o c e s s  of t h e  
four  t r a n s p o r t  modes in terms of t h e  to ta l  length of o p e r a t e d  mileage. Seen  from 
this  pe r spec t ive  t h e  substi tut ion of t h e  four  systems o v e r  time a p p e a r s  as a r e g u l a r  
process .  A number of invar iant  f e a t u r e s  a r e  inheren t  in th is  substi tut ion p rocess .  
4 In dealing wi th  more then  two  competing technologies ,  we must  general ize  t h e  F i s h e r  and Pry 
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Figure 2.14 Substi tut ion of Transpor t  In f ras t ruc tu res ,  US. 
A t  any give time, t h e r e  a r e  at l eas t  t h r e e  important  t r a n s p o r t  i n f r a s t r u c t u r e s  
competing in  terms of s h a r e s  of t h e  to ta l  r o u t e  length of all t r a n s p o r t  modes. The 
longest t r a n s p o r t  i n f r a s t r u c t u r e  i s  always longer  than at l e a s t  half t h e  total length. 
Consequently, t h e  second and th i rd  longest  t r a n s p o r t  i n f r a s t r u c t u r e s  sum to less  
than half of t h e  total length.  This symmetry and dominating r o l e  of t h e  longest  
in f ras t ruc tu re  h a s  been complemented by a n o t h e r  r e g u l a r  f e a t u r e  during t h e  last 
180  years .  The time constant  ( A t )  inc reases  from less  than 50  y e a r s  f o r  t h e  growth 
of railway t r a c k  s h a r e s  to almost 90 y e a r s  f o r  su r faced  r o a d s  and more t h a n  130  
y e a r s  f o r  airway r o u t e s  as s h a r e s  of to ta l  length.  The time constant  inc reased  by 
about  40 y e a r s  f o r  success ive  in f ras t ruc tu res .  The dis tance  among t h e  sa tu ra t ion  
per iods  (time of maximal marke t  s h a r e s )  of r a i l  t r a c k s  and s u r f a c e d  r o a d s  i s  abou t  
100 years .  
model,  s i n c e  i n  s u c h  c a s e s  l o g i s t i c  s u b s t i t u t i o n  c a n n o t  b e  p r e s e r v e d  i n  a l l  p h a s e s  o f  t h e  
s u b s t i t u t i o n  p r o c e s s .  E v e r y  c o m p e t i t o r  u n d e r g o e s  t h r e e  d i s t i n c t  s u b s t i t u t i o n  p h a s e s :  g r o w t h ,  
s a t u r a t i o n  and  d e c l i n e .  T h i s  i s  i l l u s t r a t e d  b y  t h e  s u b s t i t u t i o n  p a t h  o f  r a i l  t r a c k s ,  w h i c h  c u r v e s  
t h r o u g h  a  maximum f r o m  i n c r e a s i n g  t o  d e c l i n i n g  m a r k e t  s h a r e s  ( s e e  F i g u r e  2.14). In  t h e  m o d e l  o f  
t h e  s u b s t i t u t i o n  p r o c e s s ,  w e  a s s u m e  t h a t  o n l y  o n e  c o m p e t i t o r  is i n  t h e  s a t u r a t i o n  p h a s e  a t  a n y  
g i v e n  t i m e ,  t h a t  d e c l i n i n g  t e c h n o l o g i e s  f a d e  a w a y  s t e a d i l y  a t  l o g i s t i c  r a t e s  a n d  t h a t  n e w  
c o m p e t i t o r s  e n t e r  t h e  m a r k e t  a n d  g r o w  a t  l o g i s t i c  r a t e s .  A s  a  r e s u l t ,  t h e  s a t u r a t i n g  t e c h n o l o g y  
i s  l e f t  w i t h  t h e  r e s i d u a l  m a r k e t  s h a r e s  (i.e., t h e  d i f f e r e n c e  b e t w e e n  1 a n d  t h e  s u m  o f  f r a c t i o n a l  
m a r k e t  s h a r e s  o f  a l l  o t h e r  c o m p e t i t o r s )  a n d  is f o r c e d  t o  f o l l o w  a  n o n l o g i s t i c  p a t h  t h a t  J o i n s  i t s  
p e r i o d  o f  g r o w t h  t o  I t s  s u b s e q u e n t  p e r i o d  o f  d e c l i n e .  A f t e r  t h e  c u r r e n t ,  s a t u r a t i n g  c o m p e t i t o r  
h a s  r e a c h e d  a l o g i s t i c  r a t e  o f  d e c l i n e ,  t h e  n e x t  o l d e s t  c o m p e t i t o r  e n t e r s  its s a t u r a t i o n  p h a s e  a n d  
t h e  p r o c e s s  i s  r e p e a t e d  u n t i l  a l l  b u t  t h e  m o s t  r e c e n t  c o m p e t i t o r  a r e  i n  d e c l i n e .  A m o r e  
c o m p r e h e n s i v e  d e s c r i p t i o n  o f  t h e  m o d e l  and  a s s u m p t i o n s  i s  g i v e n  i n  N a k i c e n o v i c  (1979). 
This resu l t  may a p p e a r  t o  contradic t  o u r  e a r l i e r  observat ion t h a t  t h e  to ta l  
length of r a i l  t r a c k s  and sur faced  roads  took longer t o  cons t ruc t  than water  and 
airways. In fac t ,  t h e  substitution dynamics of in f ras t ruc tu re  lengths o f fe r s  a 
surprisingly consistent  time table  compared with t h e  duration of growth pulses of 
t h e  four  t r a n s p o r t  modes during the  pas t  180 years .  The a p p a r e n t  inconsistency is  
due t o  t h e  di f ferent  ways of measuring t h e  growth rates and l i fe  cycles  of t h e  
respect ive  in f ras t ruc tu res .  In t h e  c a s e  of market  s h a r e s  w e  are analyzing t h e  
increase  of a par t i cu la r  t r a n s p o r t  i n f r a s t r u c t u r e  in terms of t h e  length of a l l  
networks together .  Thus, even t h e  v e r y  rapid  growth rate of airway r o u t e  mileage 
is  t ransla ted into a comparatively long time constant because  at t h e  same time t h e  
total  length of a l l  t r a n s p o r t  networks i s  a lso  growing rapidly.  Due t o  these  rapid  
growth rates, t h e  s h a r e  of surfaced roads  h a s  been declining s ince  t h e  1970s 
whereas t h e  total  length of surfaced roads  i s  st i l l  growing toward t h e  sa tu ra t ion  
level  (see ). 
Thus, t h e  total  length of t r a n s p o r t  in f ras t ruc tu re  can  s t i l l  b e  growing and even 
be  decades away from ultimate sa tura t ion and final senescence while t h e  s h a r e s  of 
i t s  length in t h e  length of a l l  t r a n s p o r t  in f ras t ruc tu res  are declining. This w a s  t h e  
case with canals,  r a i l roads  and sur faced  roads .  Thus, t h e  sa tu ra t ion  and decline of 
market s h a r e s  p recedes  sa tura t ion in absolute growth in a n  increasing market. This 
i s  s o  by definition, but i t  means t h a t  t h e  eventual  sa tura t ion of any  competing 
technology can b e  anticipated in terms of t h e  substitution dynamics in a growing 
market. The logistic growth phase  of r a i l  t r a c k s  spans  the  per iod from 1840 t o  s a y  
1916 (see Figure 2.11) with sa tura t ion in t h e  1920s and senescence t h e r e a f t e r .  The 
dominance of r a i l  t r a c k s  in terms of market  s h a r e s  a lso  lasted form 1840 t o  1915. In 
th is  pa r t i cu la r  c a s e  th i s  means t h a t  t h e  beginning of t h e  growth pulse coincides with 
t h e  beginning of market dominance and t h a t  sa tura t ion immediately follows the  .loss 
of market  dominance. The sa tura t ion in market  s h a r e s ,  however, o c c u r r e d  in t h e  
1870s, indicating t h a t  sa tura t ion in t h e  growth pulse must o c c u r ,  although i t  w a s  
more than four  decades away. 
Although t h e  substitution of o lde r  by younger t ranspor ta t ion modes w a s  a 
r e g u l a r  p rocess  when measured in terms of total  mileage of t h e  f o u r  t r a n s p o r t  
in f ras t ruc tu res ,  i t  i s  never theless  only a proxy f o r  t h e  r e a l  dynamics of 
t ranspor ta t ion systems, which should be  measured in some common performance 
unit. However, since t r a n s p o r t  systems provide a whole range  of se rv ices ,  i t  i s  
difficult t o  define such a common desc r ip to r .  Two obvious choices  would be  t o  use 
ton o r  pe rson  kilometers p e r  y e a r  as a common unit. Never theless ,  th is  i s  still 
inappropr ia te  s ince  such a common unit does not distinguish between f re igh t  and 
passenger  t r a n s p o r t  o r  between s h o r t  and long-distances. Thus, t h e r e  is  no obvious 
short-cut  and i t  a p p e a r s  necessa ry  t o  analyze both passenger  and f re igh t  
separa te ly  f o r  both s h o r t  and long distances (e.g. i n t r a  and in terc i ty  t ravel) .  
Fortunately,  historical  d a t a  a r e  available t h a t  make i t  possible t o  recons t ruc t  t h e  
dynamics of these  substitution p rocesses  f o r  at l eas t  some countries.  For  example, 
Figure 2.15 shows t h e  substi tution of d i f ferent  t ranspor ta t ion modes in in terc i ty  
(long-distance) passenger  t r ave l  in t h e  United States s ince  1950. 
By excluding u rban  and metropolitan t r a n s p o r t  because  explici t  s t a t i s t i c s  are 
generally lacking, t h e  competition f o r  in terc i ty  passenger  t r a f f i c  i s  reduced t o  f o u r  
significant t r a n s p o r t  modes. Figure 2.15 shows t h e  substitution of railways, busses,  
cars and airways as competing t ranspor ta t ion systems f o r  long-distance t ravel .  The 
s h a r e s  of each  mode of t r a n s p o r t  a r e  calculated in terms of passenger-miles 
t r ave led  in a given y e a r .  According t o  t h e  market substitution analysis in Figure 
2.15, t h e  automobile i s  st i l l  t h e  main choice f o r  t h e  majori ty of Americans and will 
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Figure 2.15 In te rc i ty  Passenger  Traff ic  Substi tut ion,  US. 
remain dominantly s o  well into t h e  next  cen tu ry  in sp i t e  of t h e  market  s h a r e  
inc reases  gained by a i r  t r ave l .  The lose r s  are t h e  railways and busses.  The 
substi tut ion dynamics indicate t h a t  during t h e  next  two decades  th i s  t r e n d  will 
expand t h e  s h a r e  of a i rways  in in te rc i ty  t r a v e l  t o  almost 40 p e r c e n t ,  r e d u c e  t h e  
s h a r e  of automobiles t o  l i t t le  more than 60 p e r c e n t ,  and  virtually eliminate railways 
and busses.  Thus, automobiles will remain t h e  most important ,  al though declining, 
form of long-distance t r a v e l  throughout  th i s  cen tu ry  in t h e  United S ta tes ,  while 
a i r c r a f t  will continue t h e i r  r ap id  expansion by increasing t h e  marke t  s h a r e s  they  
c u r r e n t l y  control .  
Unfortunately, Figure  2.15 does  not  indicate t h e  full drama of th is  replacement  
p rocess  because  d a t a  are not available f o r  t h e  per iod b e f o r e  1950. Never theless ,  
t h e  substi tut ion p rocess  i s  consistent  with t h e  mileage substi tut ion of t h e  respec t ive  
t r anspor ta t ion  i n f r a s t r u c t u r e s  from Figure 2.14. For example, t h e  s h a r e  of main 
railway t r a c k s  d e c r e a s e s  down to l e s s  than a one-percent  s h a r e  by  t h e  end of t h e  
cen tu ry ,  and t h e  s h a r e  of railways in in te rc i ty  t r a v e l  phases-out even e a r l i e r  
during t h e  1970s.  During t h e  same decade t h e  s h a r e s  of both automobiles in 
in te rc i ty  t r a v e l  and of su r faced  r o a d  mileage a r e  sa tu ra t ing .  In both  c a s e s  t h e  
s h a r e s  of airways are increasing and are expec ted  t o  r e a c h  a position of dominance 
(with control  of more than half t h e  "market") during t h e  f i r s t  decades  of t h e  nex t  
cen tu ry .  
A l l  of t h e s e  examples have indicated t h a t  t h e  s t r u c t u r a l  changes  in t r a n s p o r t  
systems and t h e i r  r e spec t ive  in f ras t ruc tu res  t a k e  place  o v e r  long time periods.  
There  is  a lso  s t rong  evidence t h a t  some f e a t u r e s  of these  changes  are r a t h e r  
invariant  in time. Each of t h e  t r a n s p o r t  systems developed (with logistic 
improvement of performance and inc reases  in t h e  length of t h e i r  r e spec t ive  
networks), s a t u r a t e d ,  and then proceeded into a per iod of senescence.  Exact ly  t h e  
same p a t t e r n  i s  r e p e a t e d  in  t h e  s e c u l a r  changes  of market  s h a r e s  as these  systems 
compete with each o t h e r .  
The above i s  obviously only a par t i a l  descr ip t ion of t h e s e  complex systems and 
t h e r e  are cer ta in ly  many o t h e r ,  p e r h a p s  b e t t e r ,  ways of descr ib ing t h e  dynamics of 
these  systems. The intriguing a s p e c t  of t h e  logistic descr ip t ion of t h e  development 
of t r anspor ta t ion  systems i s  t h a t  they  a p p e a r  to b e  interwoven with r e g u l a r  f e a t u r e s  
and a p a t t e r n  of substi tut ion dynamics o v e r  a per iod of about  t w o  cen tu r ies .  In 
o r d e r  to indicate t h a t  th i s  i s  not  a s ingular  f e a t u r e  unique to t h e  evolution of 
t r anspor ta t ion  systems, w e  will now show t h a t  a similar r egu la r i ty  ex i s t s  in t h e  
evolution of ene rgy  systems. 
3 PRIMAKY ENERGY 
3.1 Energy Consumption 
A t  the  beginning of t h e  19th  century,  fuel wood, agr icu l tu ra l  wastes and 
mechanical wind and water power supplied most of t h e  inanimate energy  in addition 
t o  animal and human muscle power. This, f o r  p resen t  s t andards ,  poor  energy  menu, 
a l ready represen ted  a sophist icated energy system compared t o  e a r l i e r  pract ices .  
W e  have seen tha t  a considerable in f ras t ruc tu re  of roads  (turnpikes) and canals w a s  
in place in the  19th  cen tury  f o r  timber and l a t e r  coal  t r a n s p o r t .  Mining, 
manufacture and i r r igat ion were a lso  usually associated with e l a b o r a t e  systems of 
dams and water-wheels. This indicates t h a t  in t h e  e a r l y  industrial  development phase  
energy use depended on t h e  t r a n s p o r t  system, and t h a t  energy  w a s  one of t h e  more 
important components of goods t ranspor ted  on canals ,  waterways, turnpikes  and 
roads.  
In primary energy terms, fuel  wood represen ted  most of t h e  energy  inputs. 
Figure 3 . 1  gives the  annual consumption of a l l  fuel wood, fossil energy  sources ,  
d i rec t  uses of mechanical water power and hydroelect r ic  power consumption in t h e  
United S ta tes  s ince  1800. Data a r e  plotted on a logarithmic sca le  and show t h e  
exponential growth phases  in consumption of t h e  most important sources  of pr imary 
energy during t h e  l a s t  180 y e a r s  by piece-wise l inear  s e c u l a r  t rends .  
In t h e  United S t a t e s  t h e  consumption of fuel  wood, once t h e  most important 
source  of energy ,  has  declined s ince  the  beginning of t h e  cen tury ,  although i t s  use 
is  st i l l  widespread, especially in t h e  developing p a r t s  of t h e  world. With t h e  
expansion of ra i l roads ,  t h e  s t ee l  industry and t h e  application of steam in genera l ,  
coal  use increased exponentially until the  1910s and h a s  oscil lated e v e r  since.  Both 
oil and natural  gas  were introduced during t h e  1870s and t h e i r  consumption h a s  
increased with even more rapid  exponential growth r a t e s  e v e r  since.  In fac t ,  oi l  
and natural  gas  c u r v e s  have the  same shape  and almost identical growth r a t e s ;  they  
a r e  just shifted in time by about 1 0  t o  15 years .  The use of oil and na tu ra l  gas  grew 
in parallel  with the petrochemical  industry,  e lect r ic i ty  and e lec t r i ca l  industry,  
in ternal  combustion and e lec t r i c  prime movers. Nuclear energy  is  st i l l  in i t s  e a r l y  
phase of development, t h e r e f o r e  the  s t e e p  growth prevailing o v e r  t h e  l a s t  decade 
may not be  indicative of i t s  fu tu re  role .  During t h e  l a s t  yea rs ,  however, t h e  growth 
of nuclear energy  in t h e  United S t a t e s  and worldwide h a s  declined t o  more moderate 
ra tes .  
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Figure 3.1 Pr imary  Energy Consumption, U.S. 
3.2 Energy Substitution 
Thus, during th is  per iod of almost two cen tu r i es ,  ene rgy  consumption did no t  
draw equally from all  s o u r c e s ,  n o r  did t h e  use of a l l  ene rgy  s o u r c e s  inc rease  
equally. Yet, pr imary energy  consumption (including fuel wood) inc reased  
exponentially at a n  a v e r a g e  growth rate of about  t h r e e  p e r c e n t  p e r  y e a r .  The 
decline of o l d e r  ene rgy  s o u r c e s  was more than  compensated f o r  by t h e  rap id  growth 
of t h e  new ones.  Thus, i t  i s  evident t h a t  t h e  o lde r  forms of ene rgy  have been 
substi tuted by t h e  newer ones.  Figure 3.2 shows pr imary e n e r g y  substi tut ion in t h e  
United Sta tes .  5 
Figure 3 .2  Pr imary Energy Substi tut ion,  US. 
Mechanical water  power (mostly hydro  and some wind mills) and hydroe lec t r i c  
power a r e  not observable  in t h e  f igure  due t o  t h e i r  low contribution t o  to ta l  e n e r g y  
supply: they ba re ly  exceeded the  one-percent level during v e r y  s h o r t  per iods  and 
are otherwise under  t h a t  c r i t i ca l  level. Thus, be fo re  t h e  1820s fuel  wood provided 
f o r  vir tually a l l  t h e  e n e r g y  needs of t h e  United States. Coal e n t e r e d  t h e  competition 
p rocess  in 1817 at t h e  one-percent  level  and up t o  t h e  1880s i t  w a s  essential ly a two 
technology market  - whatever  gains coal  made were t r ans la ted  in to  losses f o r  fuel  
wood. 
Never theless ,  wood remained a n  important  const ruct ion material  and s o u r c e  of 
h e a t  and power well in to  t h e  l a s t  decades  of t h e  19th  c e n t u r y  s o  t h a t  t h e  steam a g e  
began in a n  economy based on wood use. The f i r s t  steam-boats and locomotives were  
f i r e d  with wood, which remained t h e  principal  fuel  used by ra i l roads  until abou t  
1870 (Shur r  and Na t scher t ,  1960). The i ron  indust ry  was a n o t h e r  l a r g e  wood 
consumer. Around 1850, more than half of a l l  the  i ron  produced w a s  s t i l l  smelted 
5 T h e  f r a c t i o n a l  s h a r e s  (f) a r e  n o t  p l o t t e d  d i r e c t l y  b u t  a s  t h e  l i n e a r  t r a n s f o r m a t i o n  o f  t h e  l o g i s t i c  
c u r v e ,  i.e. f/(l-f) - a s  t h e  r a t i o  o f  t h e  m a r k e t ,  s h a r e  t .eken b y  a  e l v a n  e n e r g y  s o u r c e  o v e r  t h e  s u m  
o f  t h e  m a r k e t  s h a r e s  o f  a l l  o t h e r  c o m p e t i n g  e n e r g y  s o u r c e s .  T h i s  f o r m  o f  p r e s e n t a t i o n  r e v e a l s  
t h e  l o g i s t i c  s u b s t i t u t i o n  p a t h  a s  a n  a l m o s t  l i n e a r  s e c u l a r  t r e n d  w i t h  s m a l l  a n n u a l  p e r t u r b a t i o n s .  
T h u s ,  t h e  p r e s e n c e  o f  s o m e  l i n e a r  t r e n d s  i n  F i g u r e  3.2 i n d i c a t e s  w h e r e  t h e  f r a c t i o n a l  s u b s t i t u t i o n  
o f  e n e r g y  s o u r c e s  f o l l o w s  a  l o g i s t i c  c u r v e .  
with charcoal .  In sp i t e  of these  l a r g e  uses of wood, t h e  total  amount consumed in 
manufacturing and t ranspor ta t ion was small compared to the  huge quanti t ies used in 
households. By 1880, t h e  industrial  use of wood declined so t h a t  domestic use  
accounted f o r  more than  9 6  p e r c e n t  of fuel  wood consumed (Schur r  and Na t scher t ,  
1960). A t  the  same time, coal  a l r eady  supplied almost one-half of al l  e n e r g y  needs,  
most of i t  being used by emerging industries.  In 1880,  coal  supplied almost 9 0  
pe rcen t  of t h e  fuel  used f o r  smelting iron.  Thus, in th i s  r e s p e c t ,  t h e  end of the  l a s t  
cen tu ry  marks the  beginning of the  industrial  development per iod in t h e  United 
States. 
The f i r s t  use of c r u d e  oil and na tu ra l  g a s  in t h e  United States d a t e s  back to t h e  
beginning of the  19th  c e n t u r y  and both r e a c h e d  the  one-percent  market  s h a r e  
during t h e  1880s. From then on t h e  use of c r u d e  oil expanded somewhat f a s t e r  as 
time p rogressed  and by 1950 c r u d e  oil consumption su rpassed  t h a t  of coal .  The use 
of natura l  g a s  su rpassed  coal  nine y e a r s  l a t e r .  I t  should b e  noted t h a t  even as l a t e  
as the  1920s the  use of c r u d e  oil w a s  not much l a r g e r  than  t h e  consumption of fuel  
wood. When compared with e a r l i e r  per iods ,  i t  i s  remarkable  t h a t  the  s t r u c t u r e  of 
e n e r g y  consumption changed more during t h e  pe r iod  of oil dominance. 
The 1950s,  when oil became the  dominant s o u r c e  of ene rgy ,  r e p r e s e n t  t h e  
beginning of more intense competition between various e n e r g y  s o u r c e s  both in t h e  
United S t a t e s  and in the  world. During 150 y e a r s  the  energy  s o u r c e  t h a t  dominated 
t h e  energy  supply at t h e  same time a lso  contr ibuted more than one-half of a l l  
pr imary energy  consumption - from 1800 to 1880 fuel  wood and from 1880 t o  1950 
coal .  This i s  similar to t h e  dominance of one  t r a n s p o r t  i n f r a s t r u c t u r e  with more 
than half of a l l  mileage observed in t h e  substi tut ion of canals ,  r a i l  t r a c k s ,  su r faced  
roads  and airways.  During t h e  1970s,  c r u d e  oil w a s  close t o  achieving a 50-percent 
s h a r e ,  but  b e f o r e  ac tual ly  surpassing th is  mark proceeded t o  decline. Thus, during 
t h e  l a s t  t h r e e  decades  t h r e e  important  s o u r c e s  of ene rgy  s h a r e d  t h e  market  without 
a single s o u r c e  having a pronounced dominance, which i s  c o n t r a r y  t o  the  p a t t e r n  
observed during e a r l i e r  per iods  and t h e  substi tut ion of t r a n s p o r t  in f ras t ruc tu res .  
Figure 3.2 shows na tu ra l  g a s  as t h e  dominanting e n e r g y  s o u r c e  a f t e r  the  1980s,  
although c r u d e  oil  s t i l l  maintains about  a 3 0  p e r c e n t  marke t  s h a r e  by  t h e  end of t h e  
century .  The f u t u r e  potential  competi tors of na tu ra l  gas ,  such a s  nuc lea r  o r  s o l a r  
energy,  have not y e t  c a p t u r e d  sufficient  market  s h a r e s  t o  allow estimation of t h e i r  
fu tu re  penetra t ion r a t e s .  The s t a r t ing  point f o r  market  penetra t ion of nuclear  
ene rgy  can  b e  dated back to the  1960s when nuclear  power acqu i red  slightly l e s s  
than a one-percent s h a r e  in pr imary energy.  Allowing f o r  f u r t h e r  cancellat ions of 
a l r eady  o r d e r e d  power p lants  and possible decommission of those  in opera t ion  and 
const ruct ion,  we have assumed t h a t  nuc lea r  ene rgy  could at most double i t s  c u r r e n t  
market  s h a r e  to  about  f o u r  p e r c e n t  by  the  y e a r  2000 and have used th is  assumed 
penetra t ion r a t e  f o r  t h e  project ion in Figure 3.2. This leaves  na tu ra l  gas  with t h e  
lion's s h a r e  in pr imary e n e r g y  advancing i t s  position t o  the  dominant e n e r g y  s o u r c e  
a f t e r  this  century .  
Thus, a prominent f e a t u r e  of t h e  projection of pr imary e n e r g y  substi tut ion 
dynamics in to  t h e  f u t u r e  i s  the  emergence of na tu ra l  g a s  as the  dominant e n e r g y  
s o u r c e  during t h e  nex t  decades .  According t o  1 .  more than  half of a l l  the  p r imary  
e n e r g y  consumed during t h e  f i r s t  decades  of the  next  c e n t u r y  will be  na tu ra l  gas .  
This r e su l t  i l lus t ra tes  not  only t h a t  t h e  na tu ra l  g a s  bubble will bc  absorbed  in a few 
y e a r s ,  bu t  a lso  t h a t  methane technologies will develop in the  f u t u r e  c rea t ing  new 
growth s e c t o r s .  
Although, this r esu l t  i s  unexpected in terms of the  numerous energy  deba tes  of 
the  last  1 0  t o  15 years ,  i t  i s  pe rhaps  reassur ing tha t  w e  may not have t o  r e l y  on 
nuclear  o r  a l ternat ive  energy  sources  f o r  a n o t h e r  50 y e a r s  o r  s o  a f t e r  all.  Instead,  
the  possible fu tu re  tha t  emerges would requ i re  less  radical  changes ,  but st i l l  be  a 
challenging task t o  develop new technologies and improve t h e  performance of those 
a l ready employed, such as deep drilling, pipelines, and methane conversion into 
o t h e r  energy c a r r i e r s  (e.g., e lect r ic i ty  and methanol). Despite the  c u r r e n t  
difficulties in expanding t h e  use of na tu ra l  gas  in a time of worldwide economic 
slowdown and low energy (i.e.,  c r u d e  oil) p r i ces ,  o u r  scenar io  paints a different  
p ic ture ,  a lbei t  in t h e  long run.  In o r d e r  t o  gain a b e t t e r  understanding of how such 
changes may come about to allow methane t o  emerge as t h e  dominant energy s o u r c e  
of the  fu tu re ,  w e  will f i r s t  investigate the  development of oil and na tu ra l  g a s  
production. Therea f te r  w e  will briefly r e t u r n  t o  the  b r o a d e r  p ic tu re  of pr imary 
energy substitution and analyze t h e  evolution of energy  t r a n s p o r t  in f ras t ruc tu res .  
3.3 Oil  and Natural Gas Production 
Already t h e  gener ic  name "oil and gas" indicates t h a t  during most of i t s  
century-old his tory  na tu ra l  gas  o r  methane w a s  known as a by-product of oil. 
During t h e  e a r l y  days natural  gas  was both essential  but  often a nuisance t o  the  oil 
producer .  Methane p r e s s u r e  in a n  oil and gas deposit s e r v e d  t o  pump t h e  oil t o  t h e  
su r face  but i t  w a s  a nuisance because t h e  gas  t h a t  actually r e a c h e d  t h e  s u r f a c e  had 
to be  f lared in o r d e r  t o  avoid the  danger  of explosion. Thus, na tu ra l  g a s  w a s  in f a c t  
ex t rac ted  together  with oil but  w a s  usually wasted. A t  t h e  same time c i ty  gas  (mostly 
methane) w a s  being produced from coal  and oil t o  supply premium fuel  especially f o r  
lighting and domestic uses. I t  i s  not surpr is ing t h e r e f o r e  t h a t  some associated g a s  
was soon used f o r  consumption. 
according t o  S c h u r r ,  et.al. (1960) t h e  ea r l i e s t  r e c o r d e d  commercial use of 
natura l  gas  in the  new world da tes  back t o  1821 (a t  the  time when coal  supplied just 
one-percent of primary energy  and fuel  wood and d r a f t  animals t h e  r e s t ) ,  when i t  
w a s  used as lighting fuel  in Fredonia, New York. Natural  gas  continued t o  be  used 
sporadically throughout t h e  19th century.  The f i r s t  pipeline was constructed from 
Murrysville t o  Pit tsburgh (Pennsylvania) in 1883 a f t e r  the  discovery of a l a rge  well 
in 1878. Despite such pioneering p ro jec t s  by t h e  emerging oil and gas  industry,  
methane w a s  in genera l  considered a waste product.  By 1878, both c r u d e  oil and 
natural  gas  surpassed a one-percent s h a r e  in primary energy  consumption but  most 
of the  natural  gas  consumed in the  following decades  was used in t h e  vicinity of t h e  
oil fields. 
Natural  gas  production has  s ince  grown rapidly but  because  until t h e  last 
decades most methane discoveries were re la ted  t o  t h e  s e a r c h  f o r  oil,  na tu ra l  gas  
extract ion w a s  mainly associated with oil production. Accurate s t a t i s t i c s  of na tu ra l  
gas  production from oil and gas  wells (associated and non-associated gas ,  
respectively) a r e  not available f o r  t h e  per iod before  1935. Figure 3 . 3  shows t h e  
s teady increase  in na tu ra l  gas  production from gas  wells (gas technology). In 1935 
about 40 p e r c e n t  of t h e  methane produced was from oil wells (oil technology) but 
Figure 3 . 3  shows tha t  by t h e  end of the  cen tury  90 p e r c e n t  of production should be  
from non-associated deposits. The decreas ing s h a r e s  of a ~ s o c i a t ~ e d  gas in total  
production i l lus t ra te  t h e  f a c t  t h a t  t h e  natural  gas  industry is  in the  p rocess  of 
decoupling itself from oil. The intimately and inextr icably  re la ted  ex t rac t ion ,  
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Figure 3.3 Natural  Gas Production from Oil and Gas Wells, US. 
t r a n s p o r t ,  conversion and end-use technologies f o r  oi l  and methane may b e  slowly 
diverging on increasingly independent paths .  
Figure 3.4 shows a ref ined vers ion of t h e  pr imary e n e r g y  substi tut ion dynamics 
form Figure 3.2. This r esu l t  indicates t h a t  technological substi tut ion c a n  b e  
charac te r i zed  by v e r y  r e g u l a r  time constants  provided t h a t  t h e  h is tor ica l  d a t a  i s  
a c c u r a t e  enough to provide t h e  information requ i red  f o r  f u r t h e r  analytical  
resolution. This i s  to a n  e x t e n t  possible in t h e  c a s e  of p r imary  e n e r g y  consumption 
because  di f ferent  e n e r g y  s o u r c e s  c a n  b e  measured in common (physical, ene rgy)  
units and because  t h e i r  use i s  re la t ively  well documented in the  United States f o r  
t h e  l a s t  190  years .  Figure 3.4 r e p r e s e n t s  such a higher  resolution because  
associated natura l  g a s  (oil technology from Figure 3.3 i s  now real located to t h e  use 
of c r u d e  oil  and leaves  t h e  non-associated g a s  from g a s  wells to "gas technology". 
This r e su l t  shows t h a t  although associa ted  gas  h a s  long been avai lable  as a by 
product  of oi l  i t s  use does  not  r e p r e s e n t  the  ac tua l  evolution of g a s  technologies. 
Figure 3.4 shows t h a t  th i s  refinement to t h e  substi tut ion p rocess  so improves t h e  
regu la r i ty  t h a t  t h e  time constants  now c l u s t e r  at about  70 y e a r s  f o r  a l l  e n e r g y  
s o u r c e s  and t h a t  the  sa tu ra t ion  in tervals  between coal ,  oil and g a s  technologies are 
also s e p a r a t e d  by about  50 years .  During t h e  sa tura t ion per iods  of t h e  dominant 
ene rgy  s o u r c e s ,  new ones a r e  introduced.  Gas technologies a r e  introduced during 
t h e  sa tu ra t ion  of coal ,  and nuc lea r  e n e r g y  during t h e  sa tn ra t ion  of oil due  to t h e  
addition of associated g a s  technologies. The ac tua l  oil s h a r e s  now increased so t h a t  
t h e  importance of oil during t h e  l a s t  decades  i s  visible as c l e a r  dominance of more  
than  half of a l l  ene rgy  supplies.  
Figure 3.4 Energy Substi tution and Gas Technologies, U .S. 
This r e s u l t  i s  encouraging s ince  i t  indicates a possible next  s t e p  in t h e  analysis 
of the  technological evolution of t r a n s p o r t  systems and in f ras t ruc tu res .  The 
division of na tu ra l  gas  into oil and gas  technologies is  equivalent t o  assigning some 
f e e d e r  tramways t o  e a r l y  ra i l roads  and o t h e r  to  canal i n f r a s t r u c t u r e  in terms of a 
common measuring unit and,  possibly, assigning f e e d e r  road  vehicles t o  ra i l roads ,  
especially t h e  ra i l road  owned horse-vehicles. An a c c u r a t e  analysis of t h e  model 
spl i t  among t h e  di f ferent  models of t ranspor ta t ion,  in terms of at l eas t  one common 
performance indicator,  i s  t h e  next  necessa ry  and probably  v e r y  awarding s tep .  
3.4 Oil  and Gas Transport 
In c o n t r a s t  t o  oil and gas ,  wood w a s  primarily consumed locally, close t o  t h e  
source .  Some fuel wood w a s  t r anspor ted  o v e r  longer  d is tances  mostly by r i v e r  
flotation and distr ibuted by waterways o r  roads.  Coal on t h e  o t h e r  hand, r e p r e s e n t s  
a more concentra ted form of energy  than fuel  wood and coal mines a more 
concentra ted source  than f o r e s t s  (since coal  h a s  a higher  h e a t  content p e r  unit 
weight than wood) s o  t h a t  i t  w a s  generally t r anspor ted  o v e r  longer distances than 
fuel wood. The extreme c a s e  i s  t h e  modest overseas  coal  t r a n s p o r t ,  but  more 
usually coal  w a s  t r anspor ted  (nationwide) by barges ,  t r a ins  o r  t r u c k s  (ea r l i e r  h o r s e  
wagons). Thus, t h e  shi f t  from a wood t o  coal  economy w a s  accompanied by t h e  
expansion of energy t r a n s p o r t  o v e r  longer distances and t o  increasing t r a n s p o r t  
modes. The widespread use  of c r u d e  oil brought  a n o t h e r  t r a n s p o r t  mode in addition 
t o  t ankers ,  t r a ins  and t r u c k s  - oil pipelines. Pipelines are becoming a n  important 
f re igh t  t r a n s p o r t  mode with market s h a r e s  in to ta l  ton-kilometers p e r  y e a r  
comparable t o  those of t r a in  and t ruck  t ranspor t .  They are also  comparable t o  
railways in terms of t h e  to ta l  length of t h e  in f ras t ruc tu re  o r  grid:  t h e  to ta l  length 
of main t r a c k  in t h e  United S ta tes  i s ,  about 200,000 miles, sl ightly s h o r t e r  than 
c r u d e  oil pipelines with about  230,000 miles. I t  i s  interesting t o  note t h a t  in terms 
of ton-kilometers, c a r  loads and revenue,  coal  t r a n s p o r t  r e p r e s e n t s  by f a r  t h e  
l a r g e s t  commodity g roup  in r a i l  t r anspor t .  Thus, although t h e  to ta l  length of t h e  
r a i l  and oil pipeline g r ids  i s  equivalent, t h e  big di f ference between t h e  two 
in f ras t ruc tu res  i s  t h a t  s ince  t h e  1920s t h e  ra i l road system h a s  been declining while 
oil pipelines have been expanding. Figure 3.5 shows t h e  rapid  inc rease  in t h e  
pipeline length f o r  c r u d e  oil and petroleum products  in t h e  United States. 
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Figure 3.5 Crude and Produc t s  Oil Pipelines Length, U.S. 
The expansion of t h e  oil pipeline gr id  para l le ls  t h e  inc rease  of c r u d e  oil s h a r e s  
in to ta l  pr imary energy  consumption. Oil r eached  a one-percent  s h a r e  in energy  
during the  1880s and at t h e  same time t h e  r a p i d  inc rease  in oil  pipeline mileage 
s t a r t e d  and followed exponential  t r ends  until t h e  1930s ( the  inflection point 
o c c u r r e d  in 1937). A s  if by  coincidence, oil's l a r g e s t  competi tor ,  coal ,  r eached  
maximal s h a r e s  in pr imary energy  during the  same decade.  Thus, by 1937 about  half 
of t h e  c u r r e n t  length of the  oil pipeline network w a s  a l r e a d y  in p lace  and t h e  growth 
rates declined slowly. During t h e  1980s t h e  length should r e a c h  t h e  asymptotic 
level  about t h e  same time as c r u d e  oil s h a r e s  in  to ta l  pr imary e n e r g y  s a t u r a t e .  The 
time constant  ( A t )  of t h e  expansion of oil pipelines i s  6 2  y e a r s  o r  half-way between 
t h e  time constants  f o r  t h e  expansion of r a i l  t r a c k s  and su r faced  r o a d s  (about 50 and 
74  y e a r s ,  respectively).  
Although oil i s  s t i l l  t h e  most important  ene rgy  s o u r c e ,  in t e rms  of pr imary 
energy  consumption i t  i s  slowly being rep laced  by na tu ra l  gas .  Figure 3.4 h a s  shown 
tha t  t h e  amount of associa ted  na tu ra l  gas  i s  decreas ing in total na tu ra l  g a s  
production and,  t h e r e f o r e ,  t h a t  h igher  na tu ra l  gas  t r a n s p o r t  and end-use a r e  based 
more on g a s  and l e s s  on oil technologies. This p rocess  i s  a lso  re f l ec ted  in t h e  
inc rease  of na tu ra l  g a s  t r a n s p o r t  and distr ibution pipelines when compared with oil 
pipelines from Figure 3.5. A s  mentioned above,  t h e  f i r s t  na tu ra l  gas  pipeline in 
America d a t e s  back  t o  t h e  1820s. The rap id  expansion of the  na tu ra l  g a s  pipeline 
network however,  s t a r t e d  during the  1890s,  or about  20 y e a r s  a f t e r  t h e  growth of 
oil pipelines was initiated. Figure 3.6 shows t h a t  this  20 y e a r  sh i f t  in time pe r s i s t s  
through most of t h e  growth cyc le  of t h e  natura l  g a s  t r a n s p o r t  system and 
distr ibution in f ras t ruc tu re .  
The inflection point, with about  half t h e  eventual  sa tu ra t ion  level  achieved,  
o c c u r r e d  in 1962 or 2 5  y e a r s  a f t e r  the  inflection in the  growth of oil  pipelines. 
Since t h e  time constant  i s  about  55  y e a r s ,  and t h e r e f o r e  comparable  t o  t h a t  of oi l  
pipelines (62 yea rs ) ,  sa tu ra t ion  should a lso  o c c u r  more than 20 y e a r s  l a t e r  during 
t h e  2020s. Again this  i s  symmetrical to t h e  re la t ionship  between t h e  growth phases  
of oil  pipelines and oil pene t ra t ion  in pr imary energy.  The growth pulse s t a r t e d  
when oil achieved a one-precent s h a r e  of pr imary energy ,  inflection o c c u r r e d  
during the  time when oil became the  second l a r g e s t  ene rgy  s o u r c e  (by passing fuel  
wood), and sa tu ra t ion  of pipeline length w a s  synchronous with t h e  sa tu ra t ion  of 
market  s h a r e s .  Exact ly  t h e  same p a t t e r n  c a n  be  obse rved  during t h e  growth pulse 
of na tu ra l  g a s  pipelines by comparing Figure 3 .6  and Figure 3.2. The growth s t a r t e d  
towards t h e  end of t h e  l a s t  c e n t u r y  when natura l  gas  achieved a one-percent s h a r e  
in pr imary energy.  The inflection point w a s  r e a c h e d  in 1962 when na tu ra l  g a s  
became t h e  second l a r g e s t  ene rgy  s o u r c e  (by passing coal) ,  and sa tu ra t ion  of both  
na tu ra l  g a s  market  s h a r e s  and length of pipeline should b e  achieved during t h e  
2020s. 
A l a r g e  di f ference  between t h e  growth pulses of oi l  and na tu ra l  g a s  pipelines i s  
in t h e  length of the  respec t ive  t r a n s p o r t  and distr ibution networks. Figure 3.5 
gives a sa tu ra t ion  level  est imate f o r  oil pipeline length of about  240,000 miles ( o r  
about  t h e  c u r r e n t  length of r a i l road  t r acks ) ,  whereas the  asymptotic level  f o r  t h e  
length of na tu ra l  gas  pipelines i s  estimated at more than  1,300,000 miles (more than 
five times higher) .  For  t h e  time being natura l  gas  is  t r a n s p o r t e d  almost exclusively 
through the  pipeline gr id .  Oil and petroleum products  however a r e  a lso  shipped by  
t ankers ,  t r a ins ,  t r u c k s  and f o r  some military use even by a i r c r a f t .  Besides some 
smaller  quanti t ies of liquefied na tu ra l  g a s  and liquid na tu ra l  gas  products ,  most 
na tu ra l  g a s  r e a c h e s  t h e  consumer e i t h e r  in a gaseous form or as elect r ic i ty .  The 
pipeline network f o r  na tu ra l  g a s  t r a n s p o r t  and distr ibution is  t h e r e f o r e  a lso  much 
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Figure 3.6 Natural  Gas Pipeline Length, U.S. 
longer  than t h a t  f o r  c r u d e  oil  and petroleum products .  This of c o u r s e  poses t h e  
question of whether  we c a n  e x p e c t  na tu ra l  gas  to continue t o  b e  almost exclusively 
t r anspor ted  by  pipelines in t h e  fu tu re ,  especial ly if i t s  p ro jec ted  use expands  as 
dramatically as i l lus t ra ted  in Figure 3.2. For  liquid na tu ra l  gas  p roduc t s  especial ly,  
i t  is likely t h a t  o t h e r  t r a n s p o r t  modes will a lso  b e  used, conceivably even a i r c r a f t .  
From t h e  technical  point of view t h e r e  a r e  no principal  obstacles  to using th is  
t r a n s p o r t  mode f o r  ene rgy ,  t h e  only question is  whether i t  would b e  economical and 
competitive to do  so. 
This cannot b e  resolved h e r e ,  but w e  mention th is  a l t e rna t ive  f o r  t h e  fu tu re  
because similar solutions were found in the  pas t  t o  meet t h e  e v e r  increasing need t o  
t r anspor t  more energy  o v e r  longer distances.  Both t r a n s p o r t  and energy  systems 
must meet s t r i n g e r  economic and environmental requirements o v e r  longer distances 
and in s h o r t e r  time. A f a s t e r  means of t r a n s p o r t ,  and d e n s e r  and c leaner  energy  
forms were necessary  technological measures in t h e  pas t  t o  improve t h e  
performance of these  systems. We can  t h e r e f o r e  e x p e c t  f u r t h e r  improvements in 
t h e  n e a r  fu tu re  and these  could be  fulfilled by a s t r o n g e r  re l iance on natural  g a s  
and a i r c r a f t  until b e t t e r  solutions and the  development of completely new systems 
are devised during t h e  next  century.  During t h e  next  four  t o  five decades  w e  will 
r e l y  on improved versions of the  c u r r e n t  energy  and t r a n s p o r t  systems and 
in f ras t ruc tu res ,  s ince  o u r  resu l t s  indicate t h a t  t h e  time constants  involved in 
installing new in f ras t ruc tu res  are in t h e  o r d e r  of 50 years .  
4 CONCLUSIONS 
In a number of examples analyzed in th i s  p a p e r ,  we have shown t h a t  t h e  growth 
and senescence of t r a n s p o r t  in f ras t ruc tu res  c a n  b e  descr ibed as a r e g u l a r  p rocess  
with logistic s e c u l a r  t r ends .  W e  have a lso  observed t h a t  t h e  time constants  ( A t )  of 
these  growth p rocesses  c lus te red  around 50 y e a r s  with a r a n g e  of between 30 to 75 
years .  Considering t h a t  t h e  quality of h is tor ica l  da ta  concerning t h e  growth of t h e  
t r a n s p o r t  in f ras t ruc tu res  leaves  much to b e  des i red ,  i t  i s  r emarkab le  t h a t  t h e  f o u r  
network or g r id  t r a n s p o r t  systems c l u s t e r  even more densely between 47 and 75 
years .  This includes the  time constants  f o r  railway t r a c k s ,  s u r f a c e d  r o a d s ,  oil and 
na tu ra l  g a s  pipelines. The time constants  f o r  canals  and performance improvements 
in a i r c r a f t  t r a n s p o r t  were  s h o r t e r  at about  3 0  yea r s .  In t h e  case of canals  and 
railway t r a c k s  senescence las ts  much longer  than t h e  growth p rocess .  The to ta l  
length of canals ,  and railways 5 0  y e a r s  l a t e r ,  declined with a much longer  time 
constant  (of almost 150  y e a r s )  so t h a t  canals  are st i l l  in use  despi te  a c e n t u r y  long 
decline: th i s  explains t h e  long time constants  in the  substi tut ion of in f ras t ruc tu res .  
Although t h e  growth in length of a l l  network or g r i d  t r anspor ta t ion  i n f r a s t r u c t u r e s  
w a s  a v e r y  f a s t  p rocess ,  from about  4,000 miles of canals to  about  4 million miles of 
railways, r o a d s  and airways (a growth of t h r e e  o r d e r s  of magnitude in about  150 
yea rs ) ,  t h e  substi tut ion of t r a n s p o r t  i n f r a s t r u c t u r e s  (see  Figure 2.14) las ted  longer  
than t h e  ac tua l  growth pulses f o r  each  of t h e  f o u r  individual in f ras t ruc tu res .  The 
time constant  in t h e  substi tut ion p rocess  increased from 50 y e a r s  f o r  t h e  growth of 
railway s h a r e s  to almost 9 0  y e a r s  f o r  su r faced  r o a d s  and more than  130  y e a r s  f o r  
airways,  compared with a time constant  of 30 y e a r s  f o r  t h e  growth pulse of canals  
and about  50 y e a r s  f o r  railways and roads.  
A more consistent  analysis of t h e  evolution of t r a n s p o r t  systems and t h e i r  
i n f r a s t r u c t u r e s  would r e q u i r e  a comparison of t h e  performance and s e r v i c e s  
provided by t h e  d i f ferent  modes o v e r  long per iods .  F o r  t h e  time being i t  w a s  not 
possible to recons t ruc t  such a n  indicator  f o r  t.he overa l l  t r a n s p o r t  system, but  
Figure 2.15 shows a good p roxy  f o r  such a comparison of in te rc i ty  passenger  t r a v e l  
during t h e  l a s t  37 years .  The substi tut ion of t h e  f o u r  major modes of long-distance 
t r ave l  in t h e  United S t a t e s  i s  a r e g u l a r  p rocess  t h a t  singles out  a i r c r a f t  as t h e  
t r a n s p o r t  mode with the  highest  growth potential.  In terms of the  dynamics and 
genera l  implications, th is  r e su l t  i s  consistent  with t h e  time constants  obse rved  f o r  
t h e  growth pulses and substi tut ion of t h e  f o u r  t r a n s p o r t  modes - canals ,  railways, 
r o a d s  and airways. 
The ref ined version of t h e  p r i m a r y e n e r g y  substitutiondynamics(Figure 3.4) 
indicates t h a t  technological substi tut ion can  b e  c h a r a c t e r i z e d  by v e r y  r e g u l a r  time 
constants  provided t h a t  t h e  h is tor ica l  d a t a  i s  a c c u r a t e  enough to provide the  
information requ i red  f o r  f u r t h e r  analytical  resolution. This i s  to a n  e x t e n t  possible 
in t h e  case of pr imary e n e r g y  consumption because  di f ferent  e n e r g y  s o u r c e s  can  b e  
measured in common (physical, ene rgy)  units and because  t h e i r  use i s  re la t ively  well 
documented. In this  example, t h e  associa ted  na tu ra l  gas  i s  r ea l loca ted  t o  oil 
technology and t h e  non-associated gas  from g a s  tnrells to "gas technology". This 
refinement to t h e  substi tut ion p rocess  so improves t h e  regu la r i ty  t h a t  t h e  time 
constants  c l u s t e r  at about  70  y e a r s  f o r  a l l  ene rgy  s o u r c e s  and t h e  sa tu ra t ion  
in tervals  between coal ,  oil and g a s  technologies a r e  a lso  s e p a r a t e d  by  about  50 
y e a r s .  During the  sa tu ra t ion  per iods  of t h e  dominant ene rgy  s o u r c e s ,  new ones  are 
introduced.  Gas technologies are introduced during t h e  sa tu ra t ion  of coal ,  and 
nuc lea r  e n e r g y  during t h e  sa tu ra t ion  of oil due  to t h e  addition of associa ted  g a s  
technologies. The penetra t ion rate of g a s  technologies i s  comparable to t h e  
penetra t ion r a t e  of oil and coal  leading to eventual  marke t  dominance in t h e  next  
century .  This r e su l t  i s  encouraging s ince  i t  indicates a possible nex t  s t e p  in t h e  
analysis of the  technological evolution of t r a n s p o r t  systems and in f ras t ruc tu res .  
A genera l  conclusion is  t h a t  technological changes ,  such  as the  substi tut ion of 
road  vehicles or  locomotives, l a s t  a few decades ,  while changes  in t h e  t r a n s p o r t  
system and evolution of i n f r a s t r u c t u r e s  a r e  longer  p rocesses  with time constants  of 
between t h r e e  and seven decades .  This means t h a t  t h e  t r a n s p o r t  i n f r a s t r u c t u r e s  
themsleves will not change dras t ica l ly  during the  rest of t h e  cen tu ry ,  b u t  
concur ren t  technological changes  in vehicles,  a i r c r a f t  and necessa ry  equipment will 
impove both t h e  performance and quality of t h e  t r a n s p o r t  s e r v i c e s  provided by t h e  
c u r r e n t  systems. 
More specifically,  r o a d  vehicles will remain the  dominant form of long-distance 
t r a s p o r t  during the  next  20 y e a r s ,  but  the  importance of airways should inc rease  in 
time. Both t r a n s p o r t  and energy  systems must meet s t r i n g e r  economic and 
environmental requirements  o v e r  longer dis tances and  in a shorter time. Our 
resu l t s  of t r a n s p o r t  i n f r a s t r u c t u r e  evolution and energy  substi tut ion indicate t h a t  
a i r c a r f t  and na tu ra l  g a s  r e p r e s e n t  evolutionary r a t h e r  than revolut ionary  
technologies tha t  could meet t h e s e  more s t r ingen t  requirements.  Both a i r c a r f t  and 
natura l  g a s  technologies could meet these  requirements  through refinements and 
improvements in c u r r e n t  designs and p rac t i ces  during next  two decades ,  bu t  new 
solutions must b e  developed during th is  per iod f o r  t h e  decades  t h e r e a f t e r .  In 
pa r t i cu la r ,  t h e  performance of t r a n s p o r t  a i r c r a f t  i s  est imated t o  s a t u r a t e  at about  
1.2 million passenger-kil lometers p e r  h o u r  which i s  r eachab le  with c u r r e n t  a i r c a r f t  
technology and some improvements. However, t h e r e a f t e r  a i r c r a f t  would b e  r e q u i r e d  
to exceed  these  levels implying e i t h e r  l a r g e  subsonic l ine r s  (with p e r h a p s  a few 
thousand passengers)  or hypersonic  t r a n s p o r t  with a more  modest capac i ty  of a few 
hundred passengers .  The f i r s t  a l t e rna t ive  a p p e a r s  unlikely s ince  i t  would r e q u i r e  
v e r y  powerful engines and t h e i r  r a t ing  a p p e a r s  to b e  sa tu ra t ing  in  unison with t h e  
a i r c a r f t  performance,  (see  Figure 2.4). Thus, a new engine ( p e r h a p s  turbo/ram o r  
ram/scram) could power a hypersonic  a i r c r a f t  of the  next  c e n t u r y  witah a 
performance of a few thousand passenger-kilometers p e r  hour .  The na tu ra l  g a s  
economy a l so  provides t h e  necessa ry  liquid hydorgen.  
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